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ABSTRACT 


This  study,  confined,  to  the  measurement  of  infrared  radiation 
emitted  by  aircraft ,  includes  a  catalog  of  each  type  of  aircraft  in 
the  US  Ariay  inventory.  Each  type  is  represented  because  the  measure¬ 
ment  procedures  used  may  differ  for  each  depending  upon  size,  speed, 
and  intended  tactical  use.  A  brief  discussion  of  the  physical  laws 
involved  in  taking  such  measurements  is  also  included,  as  is  a  discus¬ 
sion  on  the  different  backgrounds  encountered  in  a  measurement  program. 

The  need  for  adequate  instrument  calibration  is  emphasized.  Vari¬ 
ous  measurement  techniques  and  their  application  are  discussed.  Data 
reduction  and  analysis  are  covered  briefly,  and  several  parameters  that 
are  routinely  determined  by  analysis  are  considered. 
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FOREWORD 

Infrared  radiation;  and  its  interaction  with  matter  is  the  most 
widespread  and  important  heat  exchange  process  encountered.  Unlike 
heat  exchange  by  conductivity  and  convection,  radiative  heat  exchange 
occurs  in  the  absence  of  direct  contact  and  depends  to  a  considerable 
extent  upon  the  temperature  level  involved.  Radiative  heat  exchange 
is  accompanied  by  a  conversion  of  thermal  energy  into  electromagnetic 
energy. 

This  study  is  confined  to  the  measurement  of  infrared  radiation 
emitted  by  aircraft,  and  since  a  basic  understanding  of  the  physical 
laws  involved  is  required  to  comprehend  the  processes  by  which  .these 
measurements  are  made,  a  discussion  of  these  laws  is  included. 

Background  radiation  must  always  be  taken  into  consideration  when 
taking  measurements  of  any  target.  In  this  case  Army  aircraft  are  con¬ 
sidered  as  targets;  therefore,  the  different  backgrounds  that  could  be 
encountered  in  such  a  measurement  program  are  also  discussed. 

Infrared  measurements  performed  without  adequate  instrument  cali¬ 
bration  are  virtually  worthless,  and  accurate  instrument  calibration  re¬ 
quires  comprehensive  knowledge  of  instrumentation.  For  this  reason, 
both  of  these  subjects  are  discussed  in  this  study.  However,  since 
calibration  depends  upon  the  type  of  instrument  used  to  make  the  measure¬ 
ment  or  upon  a  specific  instrument — and  no  two  are  exactly  alike— some  of 
the  discussions  are  generalized.  Several  measurements  techniques  that 
can  be  used  in  an  infrared  measurement  program  are  presented. 
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This  study  also  covers  certain  phases  of  data  reduction  and  analysis. 
Specific  analyses  to  be  performed  depend  to  a  great  extent  upon  the  objec¬ 
tives  of  specific  measurements.  Several  parameters  routinely  determined 
by  analyzing  data  obtained  from  infrared  measurements  are  included. 

The  work  described  herein  was  supported  by  the  US  Army  Eustis  Direc¬ 
torate  Air  Mobility  Research  and  .Development  Laboratory,  Fort  Eustis, 
Virginia. 
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CHAPTER  I 


INFRARED  RADIATION  THEORY 

That  portion  of  the  electromagnetic  spectrum  which  lies  between 
the  extreme  of  the  visible  (0.75  micrometers)  and  the  shortest  micro- 
waves  (1000  micrometers)  is  considered  to  be  the  infrared  region. 
The  types  of  radiation  distributions  found  in  the  infrared  can  be 
classified  as  continuous,  band,  and  line  spectra.  Each  type  of 
distribution  is  the  result  of  different  molecular  or  atomic  processes 
which  differ  both  in  mechanics  and  energetics. 

The  quantum  processes  which  lead  to  the  emission  of  infrared 
radiation  are  changes  in  the  degree  of  excitation  of  the  system. 

The  system  is  de-excited  (in  emission),  that  is,  it  goes  to  a  state 
of  lower  energy  with  the  photon  released  contaj  ting  the  energy  lost. 
Such  a  transition  between  two  energy  states  may  involve  electronic, 
vibrational  and  rotational  energy  levels ,  or  some  combination  of 
these.  Continuum  radiation  can  result  from  the  processes  of  ioniza¬ 
tion  and  dissociation,  that  is,  changes  in  the  electronic  states  of 
a  system.  This  type  of  diffuse  radiation  is  found  in  the  near-infrared 
portion  of  the  spectrum  rather  than  in  the  longer  wavelength  regions . 
Discrete  radiation  takes  two  forms:  band  and  line  spectra.  Line 
spectra  are  quite  sharp  and  very  intense  and  correspond  to  changes 
in  the  electronic  states  of  atoms  or  molecules.  Band  spec.tra  have 
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a  characteristic  structure  associated  with  the  subsidiary  changes 
in  rotational  energy  simultaneous  with  a  change  in  vibrational 
states.  The  individual  rotational  lines  can  only  be  observed  for 
the  lighter  molecules  (CC^,  HgO)  at  high  resolution  and  low  pressures. 
At  higher  pressures  (and  longer  pathlengths)  or  lower  resolution,  the 
lines  merge  into  a  broad  band  without  structure.  In  the  very  far- 
infrared  are  found  bands  of  overlapping  lines  due  only  to  -■hanges  in 
the  rotational  energy  states  of  light  molecules.  Heavier  molecules 
have  their  rotational  emission  lines  in  the  microwave  region. 

The  simplest  and  probably  the  most  important  type  of  infrared 
radiation  is  the  continuum  radiation  commonly  known  as  thermal,  or 
blackbody,  radiation  which  is  emitted  by  all  objects  above  the  tem¬ 
perature  of  absolute  zero.  This  radiation  consists  of  photons  in 
thermal  equilibrium  with  matter  and  with  one  another.  A  knowledge 
of  the  laws  characterizing  blackbody  radiation  is  essential  to  the 
study  of  infrared  emission. 
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BLACKBODY  RADIATION 

It  is  a  matter  of  common  observation  that  bodies  when  heated  emit 
radiant  energy,  the  quantity  and  quality  of  which  depend  upon  the  tem¬ 
perature  of  that  body.  Thus,  the  rate  at  which  an  incandescent  lamp 
filament  emits  radiation  increases  rapidly  with  increased  temperature 
of  the  filament*  As  the  temperature  rises,  the  emitted  light  becomes 
whiter.  If  this  light  is  dispersed  by  a  prism  or  other  dispersing  ele¬ 
ment,  a  continuous  spectrum  without  line  structure  is  formed.  Thus, 
thermal  or  blackbody  radiation  emitted  by  a  solid  at  some  tempera¬ 
ture  is  dependent  only  on  the  absolute  temperature.  The  maximum  in¬ 
tensity  of  the  emitted  radiation  shifts  to  shorter  wavelengths  as  the 
temperature  of  the  body  increases,  and  the  continuous  nature  of  the 
radiation  leads  to  a  closed  functional  form  for  the  wavelength  depend¬ 
ence  of  the  emitted  radiation. 

These  properties  of  blackbody  radiation  are  treated  mathematically 
by  the  Stefan-Boltzmann  law,  the  Wien  displacement  law,  and  the  Planck 
equation,  respectively.  The  application  of  these  "ideal"  radiation 
laws  to  real  objects  requires  only  the  further  knowledge  of  Kirchoff’s 
law  along  with  experimental  information  concerning  the  nature  of  the 
material  and  the  nature  of  the  surface  being  studied, 

THE  PLANCK  RADIATION  LAW 

The  wavelength  dependence  of  blackbody  radiation  is  given  by 
Planck’s  law  which  is  the  basis  for  almost  all  radiometric  considera¬ 
tion;),  From  Planck  s  law  both  the  Stefan-Boltzraann  and  the  Wien  laws 
can  be  derived  by  an  integration  and  differentiation,  respectively. 


Historically,  Planck  established  his  law  by  trying  to  fit  experi¬ 
mental  data  with  some  functional  fora  which  would  also  yield  the 
appropriate  limiting  forms  of  the  Rayleigh-Jeans’  and  Wien’s  laws. 

To  arrive  at  such  a  functional  fora,  Planck  had  to  deviate  from  clas¬ 
sical  thermodynamics  and  introduce  new  assumptions  about  the  nature 
of  blackbody  radiation.  These  were? 

1.  An  oscillator,  or  any  similar  physical  system,  has  &  dis¬ 
crete  set  of  possible  energy  values  or  levels,  Energies  intermediate 
between  these  discrete  values  never  occur, 

2,  The  emission  and  absorption  of  radiation  are  associated  with 
transitions,  or  jumps,  between  discrete  levels.  The  energy 5 thereby  lost 
or  gained  by  the  oscillator,  is  emitted  or  absorbed  as  a  quantum  of 
radiant  energy  of  magnitude  h  v  }  v  being  the  frequency  of  the  emitted 
radiation. 

Planck  actually  derived  his  radiation  formula  by  considering  the 

interaction  between  the  radiation  inside  an  isothermal  enclosure  and 

electric  oscillators  which  he  imagined  to  exist  in  the  walls  of  the 
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enclosure.  It  can  be  shown  that  there  would  be  8  ii  d  X  /X  modes  of 
oscillation  or  degrees  of  freedom  per  unit  volume  in  the  wavelength 
range  X  to  X  +  d  X  ,  If  we  multiply  this  number  by  the  average  energy 
per  oscillator  e,  where 

e  ■  E/N  "  h  v  /  exp  (h  v/kT)  -  1  (1-1; 

we  obtain 

8  n  d  X  h  v 

w  d  X  “  - r—  - 

X  *  h  v/KT 
e 


(i-f) 


By  substitution  of  v  =  c/A,  c  being  the  speed  of  light  in  a 

vacuum,  we  obtain  Planck’s  radiation  equation  for  the  wavelength 

dependence  of  the  radiant  energy  density 

8  it  ch 

v  = - - - -  (1-3) 

A5  exp  (ch/A  kT)  -1 

This  equation  can  also  be  written  in  the  more  familiar  form  of 
radiant  energy 

MA 

where  c  and  c 
1  2 

c 

1 

c 

2 

The  spectral  radiance  of  a  blackbody  source  is  given  by  the 
spectral  radiant  intensity  divided  by  the  projected  area  of  the 
aperture  of  the  blackbody,  or  in  terms  of  the  Planck  equation 

Lj,  =  I^/A  cos  6  =  M^/u  (1-6) 

or 

c 

i 

L  = - - 

it  A  5  exp(c  /AT)  -1 

Thus,  armed  with  a  knowledge  of  Planck's  law,  we  can  calculate 
the  radiant  energy  output  of  a  blackbody  at  any  temperature  as  a 
function  of  wavelength.  The  following  graphs  (figures  1-1  and  1-2) 
show  the  radiant  exitance  of  a  blackbody  over  temperatures  and  wave¬ 
lengths  which  are  of  interest  to  workers  in  infrared.  In  actual 
practice,  tables  of  radiation  functions  are  used  to  determine 


A5  exo  (c  /AT)  -1 
2 


are  constants  with  the  values 

=  2i  c2h  =  3*71*15  x  ICf12  watt-cm2 

“  3.7^15  x  10i4  vaxt-pm-cm-2 
=  ch/k  *  1.1*388  cm-°K 


(1-1*) 


(1-5) 


radiative  parameters  rather  than  using  the  Planck  equation  directly. 
Similarly,  the  emissivity  of  an  ideal  blackbody  is  one,  but  for  real 
blackbodies  the  emissivity  will  have  to  be  determined,  although  it 
is  generally  very  close  to  one. 

WIEN'S  DISPLACEMENT  LAW 

The  wavelength,  X  ,  at  which  the  spectral  emittance  is  a  maximum 

at  any  temperature  can  be  found  by  differentiating  with  respect  to 

X  and  setting  the  derivative  equal  to  zero.  The  result  is 

X  T  =  2897.8  micrometer-degree  K.  (l-7) 

m 

The  wavelength  of  maximum  spectral  emittance  is,  therefore, 
inversely  proportional  to  the  absolute  temperature.  As  the  tempera¬ 
ture  is  increased,  the  maximum  shifts  toward  the  shorter  wavelengths. 

This  is  known  as  Wien's  displacement  law. 

THE  STEFAN-BOLTZMANN  LAW 

The  total  radiant  emittance  (over  all  wavelengths)  of  a  blackbody 
can  be  found  by  integrating  the  Planck  expression  over  all  wavelengths 

to  it4  c  T 

M  =  [  MxdX  =  .  1  (1-8) 

0  15  c4 

2 

or  M  =  0T4,  where  the  Stefan-Boltzmann  constant 

it4  c  .  watt 

0  =  _ L_  =  5.6697  x  10"  _  (1-9) 

15  c 4  cm2  -  deg4  K 

2 

when  T  is  in  degrees  Kelvin  and  M  in  watts/cm2.  The  Stefan-Boltzmann 
law  then  states  that  the  radiant  exitance  of  a  blackbody  is  proportional 
to  the  fourth  power  of  the  absolute  temperature. 
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KIRCHOFF'S  LAW 


The  relationship  between  reflectance  and  absorptance  for  an  opaque 
surface  is  simply 

p  +  a  «*  1 


where 

p  **  reflectance 

a  -  absorptance  (1-10) 

Kirchoff's  law  states  that  the  ratio  of  radiant  exitance  of  such  a 
source  to  that  of  a  blackbody  at  the  same  temperature  is  equal  t ;  the 
absorptance,  or 

a  °  M/Hbt>  (1-11) 

This  shows  that  a  good  absorber  is  also  a  good  emitter;  therefore,  the 
emissivity  of  an  opaque  source  is  defined  as  e  ■  a  and  for  a  black- 
body,  which  is  a  perfect  absorber,  e  ■  1-  p,  p  ■  o»  A  greytody  is  one 
which  does  not  absorb  all  incident  radiation  but  reflects  some  part  of 
that  radiation,,  Thus,  if  is  the  flux  per  unit  area  which  an  ideal 
blackbody  would  emit,  a  greybody  will  emit  an  amount  e  M^o  Thus,  the 
laws  of  blackbody  radiation  for  real  bodies  must  be  modified  by  the  in¬ 
clusion  of  the  emissivity  e  «*  c  (T,  \),  The  properties,  reflectance, 
absorptance,  emissivity,  and  transmittance, all  vary  with  wavelength  for 
different  materials.  This  variation  is  known  for  most  common  materials, 
LAMBERT'S  COSINE  LAW 

The  radiation  per  unit  solid  angle  from  a  plane  surface  varies  with 
the  angle  made  with  the  normal  to  the  surface.  Thus,  more  energy  is 
emitted  at  small  angles  from  the  normal  to  the  surface  than  in  any  other 
direction  from  the  plane  surface,  Lambert’s  cosine  law  gives  the  quan¬ 
titative  expression  of  this  observation,  and  states  that  the  amount  of 
'  radiation  in  a  small  solid  angle  (figure  1-1 )  is  proportional  to  the  solid 


Normal  to  surface- 


angle  and  varies  as  the  cosine  of  the  angi„  between  the  direction  of 
observation  and  the  normal  to  the  surface.  Thus,  the  power  radiated 
from  a  small  surface  element  of  area,  dA,  in  a  small  solid  angle,  dw, 
in  a  direction  making  an  angle,  h,  with  the  normal jis  given  by 

dM  =  e  q  T>>  ios  6  dud.;  (1-12) 

TT 

RADIOMETRIC  AND  SPECTRnL  QUANTITIES 

Consider  a  point  source,  isolated  in  space  and  emitting  electro¬ 
magnetic  radiation  in  all  directions.  There  is  no  directional  depend¬ 
ence  of  the  radiation  from  a  point  source.  The  radiant  energy,  Q, 
emitted  by  the  source  in  all  directions,  is  given  in  joules.  The  rate 
of  transfer  of  this  radiant  energy,  or  the  radiant  flux,  $,  is  just 
the  time  rate  of  change  of  radiant  energy  and  is  given  in  watts.  The 
radiant  density,  W,  is  the  radiant  energy  per  unit  volume  given  in 
joules  per  cm3. 

If  the  source  is  not  a  point  source,  but  covers  a  finite  area, 
it  is  characterized  by  the  amount  of  radiant  flux  emitted  per  unit  area 
of  its  surface.  M,  the  radiant  exitance,  is  given  in  units  of  watts /cm2. 
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In  actual  practice,  a  source  can  only  be  characterized  by  measurements 
made  at  some  distance  froa  the  source  and  over  a  limited  receiving  Ate?. 
In  addition  to  the  radiant  exitance,  two  other  measures  of  the  prop¬ 
erties  of  a  source  are  the  radiant  intensity,'  I,  and  the  radiance,  L, 

A  sphere  has  a  surface  area  of  4irr  and  contains  a  solid  angle  of  4tt 
steradians  about  its  center.  For  a  point  source,  we  can  define  the 
radiant  flux  crossing  a  unit  solid  angle  for  any  sphere  surrounding  the 
source  because  the  radiation  i'.<  isotropic.  This  quantity  is  I,  the 
radiant  intensity,,  and  has  units  of  watts/steradian.  According  to 
Lambert's  cosine  law,  radiation  emitted  from  a  surface  varies  with 
the  angle  made  with  the  normal  to  the  surface.  If  the  d-rectional 
dependence  of  the  emitted  radiation  follows  this  law,  the  source  is 
said  to  be  Lambertian,  Consider  a  receiving  surface  lying  in  a  plane 
perpendicular  to  the  direction  of  measurement  (figure  1-4).  Let  e 
be  the  angle  the  direction  of  observation  maV.es  with  the  normal  to  the 
emitting  surface-,  then  a  unit  area  of  the  emitting  surface  projected 
onto  the  receiver  is  smaller  by  a  factor  of  cos  Q, 


rigure  1-4.  Geometry  of  Radiance  Definition 
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Then  the  radiance,  L,  is  the  radiant  flux  emitted  into  a  unit  solid 
angle  per  unit  of  projected  area  of  the  source.  Thus,  a  determination 
of  radiance  from  measurements  made  at  a  distance  from  a  source  re¬ 
quires  a  knowledge  of  the  orientation  of  the  direction  of  observation 
with  the  normal  to  the  emitting  surface,  but  for  a  Lambertian  source, 
the  radiance  is  the  same  in  all  directions. 

The  three  quantities,  M,  I,  and  L,  are  used  to  characterize  the 
source  of  the  radiation0  Any  measurement  of  the  radiation  emitted 
by  a  source  must  be  converted  into  one  of  these  quantities  if  the  re¬ 
sults  are  to  be  meaningful.  For  a  flat  Lambertian  surface  radiating 
into  a  hemisphere  (2n  steradians)  we  have  the  relations 


area 


A  measurement  usui lly  gives  not  the  amount  of  radiation  emitted 

by  the  source,  but  the  amount  of  radiation  received  by  a  detector. 

The  amount  of  radiant  flux  received  by  a  surface,  per  unit  area  of 

2 

the  surface,  is  known  as  the  irtddiarice  E  in  units  of  watts/cm  , 

Note  that  this  quantity  has  the  same  units  as  radiant  exitance  but 
refers  to  the  radiation  incident  upon  the  receiving  surface  rather  than 
that  being  emitted  by  the  source, 

SPECTRAL  RADIOMETRIC  QUANTITIES 

Whereas  the  radiometric  quantities,  radiant  exitance,  radiant 
intensity,  radiance,  and  irradiance  are  numerical  values  character¬ 
izing  the  radiat  .on  emitted  by  a  certain  area  of  a  source  Into  a 
particular  solid  angle  (directional)  or  received  by  a  distant  receiver 
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over  a  limited  area,  the  numerical  quantities  must  be  accompanied  by 
the  wavelength  interval  over  which  the  radiation  was  measured.  The 
wavelength  dependence  of  both  the  emitted  and  received  radiation,  from 
many  types  of  sources  other  than  blackbody,  takes  a  complex  form  which 
can  only  be  properly  specified  by  spectrometric  rather  than  radiometric 
instruments.  It  becomes  beneficial  to  define  quantities  which  are 
differential  with  respect  to  wavelength. 

The  spectral  radiant  flux,4>,  ,is  the  radiant  flux  per  unit  wave- 

A 

length  interval  =  3<5>/3X.  Similarly,  we  can  define  the  spectral 

radiant  exitance,  M^,  spectral  radiant  intensity,  i'^,  spectral  radiance, 
L, ,  and  the  spectral  irradiance,  E, .  Hereafter  the  subscript  X  will 

A  A 

be  used  to  denote  spectral  radiometric  quantities.  These  will  all  be 
functional  quantities  whose  value  at  a  particular  wavelength  can  be 
determined.  The  values  over  different  wavelength  intervals  may  be 
determined  by  a  suitable  integration.  Thus ,  the  radiant  flux  between 
X^  and  X^  is  given  simply  by  integrating  the  spectral  radiant  flux, 


4> 


( 1-1*0 


Although  the  functional  form  of  the  wavelength  dependency  may  be 
quite  complex,  a  numerical  integration  is  always  possible  where  no  closed 
expression  suffices  as  an  approximation  to  the  measured  radiation  levels. 

Given  a  properly  calibrated  spectrometer  (Chap.  Ill),  the  irradiance 
or  spectral  irradiance  can  be  measured.  Assuming  there  is  no  attenuation 
between  the  radiating  source  and  receiver,  and  the  distance  between 
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these  two  points  is  known,  the  radiant  intensity  can  be  determined  by 
extrapolating  to  the  emitting  source.  If  d  is  the  distance  from  source 
to  receiver,  then 

1  -  d2  E  (1-15) ; 

Thus  having  obtained  the  spectral  irradiance  E  ,  by  direct  meas- 
urement,  the  spectral  radiant  intensity  of  the  source  can  be  calculated. 
If  the  radiation  is  attenuated  in  traversing  through  a  medium  with  trans 
mission.,  t  ^  ,  the  spectral  radiant  intensity  is  given  as  a  function  of 
wavelength, 

I  (X)  -  d2  E  (X  )/  T  (X),  (1-16) 

STANDARD  UNITS ,  SYMBOLS,  AND  DEFINING  EQUATIONS 

I 

The  symbols  and  definitions  of  the  most  widely  used  radiometric 
quantities  are  given  in  Table  1-1 ,  ' 


! 
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RADIOMETRIC  QUANTITIES 


CHAPTER  II 


BACKGROUNDS  AND  TARGETS 


A  target  is  an  object  which  is  to  be  detected  and  perhaps 
tracked  by  means  of  infrared  techniques,,  The  infrared  system  must 
be  capable  of  detecting  the  radiation  emitted  by  the  object  while 
discriminating  against  the  other  sources  of  radiation  reaching 
the  detector.  Since  all  bodiss  above  the  temperature  of  abso¬ 
lute  zero  emit  infrared  radiation,  the  extraneous  (background) 
radiation  will  come  from  the  parts  of  the  instrument  itself 
which  the  detector  "sees"  and  from  all  objects  in  the  field- 
of-view  of  the  instrument.  Although  the  ideal  procedure  will 
be  to  observe  a  hot  object  against  a  cold  background  so  thac 
the  background  radiation  will  be  negligible  compared  to  the 
target  radiation,  these  optimum  conditions  will  not  generally  be 
the  case  when  measuring  airborne  targets. 

Infrared  targets  include  airborne,  ground,  and  seaborne  ob¬ 
jects.  Likewise,  the  detecting  instrument  may  be  situated  in  any 
of  these  media,  so  the  background  will  differ  depending  on  the 
conditions  of  the  measurement.  For  our  purposes,  a  target  will 
consist  of  an  aircraft  moving  in  the  earth’s  atmospherfe  with  the 
sky  as  a  background.  It  may  be  necessary  at  other  times  to  con¬ 
sider  the  sea  or  the  earth  as  a  background,  but  our  main  concern 
will  be  with  ground-to-air  measurements,  A  description  of  the 
target  will  require  knowledge  of  the  infrared  radiation  from  the 

It 
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target  as  a  function  of  wavelength,  range,  aspect  angles,  and  atmo¬ 
spheric  conditions. 

Infrared  measurements  of  low  temperature  sources ,  which  could  con¬ 
ceivably  be  lower  than  200°C,  are  complicated  by  the  effects  of  differ¬ 
ing  background  radiation.  The  ground  and  the  ocean  emit  and  reflect 
variable  amounts  of  infrared  radiation  depending  on  the  nature  of  the 
surface,  its  temperature,  and  weather  conditions.  The  continuous  sky 
emission  is  caused  by  radiation  emitted  from  the  moLecuies  in  the  atmo¬ 
sphere,  and  the  remainder  of  the  sky  background  is  caused  by  sun  Light 
scattered  by  the  molecules,  dust,  aerosol  particles  and  other  particulate 
matter,  and  condensation  products  in  the  atmosphere.  The  cloud  pattern 
will,  of  course,  greatly  affect  the  scattered  radiation  from  the  sun. 

In  these  cases,  knowledge  of  the  sky  and  earth  radiation  incident  upon 
the  aircraft  and  the  detector  will  be  necessary. 

Depending  on  the  range  of  the  tar~‘  and  the  field-of-view  of  the 
detecting  instrument,  a  point-by-point  :>  of  the  emitted  radiation 
provides  more  useful  information  than  is  provided  when  the  target  is 
entirely  in  the  instrument's  field-of-view.  Thus,  the  use  of  a  thermal 
image  system  would  greatly  complement  the  spectral  information  obtained 
by  a  spectrometer. 

INFRARED  EMISSION  FROM  AIRCRAFT 

In  general,  a  target  will  emit  two  types  of  radiation.  The  metal 
body  ,  the  target  will  emit  a  continuum  of  radiation  related 
to  the  blackbody  radiation  from  a  source  at  some  temperature.  Th° 
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temperature  will  vary  at  different  points  along  the  aircraft.  The 
aircraft  will  also  exhibit  a  plume  of  hot  gases ,  which  are  emitting 
infrared  radiation  consisting  of  complex  band  structure  and  perhaps 
also  line  and  continuous  spectra. 

Infrared  radiation  is  the  result  of  a  variety  of  quantum  pro¬ 
cesses.  There  is  continuous  thermal  emission..,  referred  to  as  blar'- 
body  radiation,  which,  for  temperatures  obtainable  in  the  laboratory, 
lies  in  the  infrared  portion  of  the  electromagnetic  spectrum.  The 
thermal  emission  is  due  to  the  electromagnetic  radiation  constantly 
being  emitted  and  absorbed  by  particles  in  motion.  Continuum  radia¬ 
tion  can  also  result  from  the  processes  of  ionization  and  dissociation 
in  atomic  and  molecular  systems,  but  this  is  rare  in  the  infrared. 
Discrete  radiation  takes  two  forms  :  line  and  band  spectra.  Line 
spectra  are  usually  quite  sharp  and  very  intense  and  correspond  to 
changes  in  the  electronic  states  of  atoms  or  molecules.  Band  spectra 
have  a  characteristic  structure  corresponding  to  a  simultaneous 
change  in  the  rotational  and  vibrational  energies  of  molecules.  The 
individual  rotational  lines  can  be  distinguished,  under  high  resolu¬ 
tion,  for  the  lighter  molecules  in  such  a  vibrational  band.  The  hot 
gases  released  by  aircraft  demonstrate  all  of  the  above  types  of 
emission  processes.  Although  most  of  the  heat  is  lost  by  conduction 
and  convection  to  the  surrounding  metal  parts  of  the  aircraft  and 
the  air,  a  large  fraction  of  the  heat  released  by  combustion  is 
radiated  m  the  infrared  region. 
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The  principal  combustion  products  responsible  for  emission  are  : 

C02,  H2O,  CO,  OH,  and  C2  in  hydrocarbon  fuels  and  N2O,  NO,  CN,  NO2, 
SO2,  HCL,  and  HF  in  other  common  fuels.  Continuous  spectra  can  be 
emitted  by  hot  carbon  particles,  and  free  radicals  in  the  exhaust 
can  also  provide  continuum  radiation. 

Molecules  can  receive  energy  by  absorption  of  radiation,  by 
transforming  kinetic  energy  from  inelastic  collisions  with  elec¬ 
trons  or  atoms,  by  resonance  transfer  of  vibrational  energy 
from  other  molecules  which  ha’  '  absorbed  energy,  and  by  being 
produced  in  highly  excited  states  as  the  result  of  chemical  reactions. 
At  the  temperatures  commonly  found  in  the  exhaust  systems  of  air¬ 
craft,  the  molecules  are  found  to  be  in  excited  vibrational  states, 
which  may  have  come  about  through  any  one  of  the  above  mechanisms. 

From  these  excited  states,  the  molecules  can  decay  to  lower  vib¬ 
ration-rotational  levels  accompanied  by  the  release  of  a  photon. 

The  energy  of  this  photon  lies  in  the  infrared  region  of  the  spectrum. 
It  can  be  seen  that  the  emission  from  an  aircraft  will  be  very 
complicated  andtin  general,  radiometric  determinations  of  total 
spectral  intensity  will  not  be  sufficient  either  to  characterize 
the  craft  or  for  data  analysis.  Only  spectral  data,  properly  cali¬ 
brated,  will  yield  detector-independent  data  which  can  be  used  in 
further  calculations  or  for  predictions  of  infrared  emission  under 
varying  conditions,  Because  of  the  rapidly  changing  absorption 
and  emission  of  both  the  target  and  the  atmosphere,  a  knowledge  of 
the  spectral  characteristics  of  both  sources  is  necessary  ir,  order 


to  compensate  for  varying  atmospheric  conditions.  A  calculation 
of  the  atmospheric  attenuation  of  the  radiation  emitted  from  the 
target  must  be  carried  out  and  radiometric  data  thus  cannot  be 
used. 

The  infrared  emission  at  the  source  differs  from  the  radiation 
which  will  be  received  at  the  detector  due  to  the  effects  of  atmos¬ 
pheric  absorption.  Kirchhoff's  law  gives  the  relationship  between 
emission  and  absorption.  A  gas  emits  strongly  only  at  wavelengths 
corresponding  to  absorption  lines.  Thus  the  spectral  radiant  in¬ 
tensity  from  the  source  is  attenuated  due  to  atmospheric  CO^,  H^O, 
and  N^O.  At  higher  altitudes  ozone  might  also  influence  the  absorp¬ 
tion.  Unless  this  attenuation  can  be  well  characterized,  the  spec¬ 
tral  data  will  be  limited  in  its  usefulness. 

The  band  centers  of  the  vibration-rotation  emission  bands  are 
shifted  from  the  wavelengths  usually  given  for  absorption  because 
the  transitions  are  from  highly  excited  states  rather  than  the  lowest- 
lying  states.  These  shifts,  of  course,  will  depend  upon  the  tempera¬ 
ture  of  both  the  exhaust  and  the  cooler  surrounding  atmosphere,  but 
approximate  wavelength  locations  can  be  given  (Tables  II-l  and  II-2). 
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TABLE  II-l 

MOLECULAR 

EMISSION  BANDS  (GAYDON) 

Molecular  Species 

Wavelengths  of  Emission 

C02 

1,99,  2,8,  4.4,  4,45,  14,9 

H20 

0,95,  1,45,  2,8,  5.3,  5,5, 

OH 

2,8 

CO 

2,3,  4,6 

c2 

1,01,  1.2> 

CN 

1,09 

n2o 

4,0,  4,75 

NO 

5,49 

TABLE  II-2 

MAJOR  INFRARED  ABSORPTION  BANDS  OF  GASES  (HERZBERG) 

Molecular  Species  Approximate  Centers  in  Microns 

H20  1,88,  2,66,  2.74,  3,17,  6.27 

C02  1.96,  2,01,  2,06,  2,69,  2.77,  4.26, 

4,78,  4,82,  5.17,  15.0 

CO  1.57,  3.24,  4.66 

N20  2.87,  3,90,  4,06,  4,54,  7.78,  8.57, 

NO  2,67,  5,30 

A 

N02  *  4,50,  6,17,  15,4 

HC1  3,46 

OH  1,99,  2,15,  2,80,  2.94,  3,08,  3,25, 

3,63,  3,87,  4,14,  4,47 

S02  4.0,  4,34,  5,34,  7,35,  8,69 

CN  1,01,  1,20 


4,68, 


16,98 


3,43, 
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The  infrared  emissions  from  aircraft  depend  on  a  great  many 
variables.  It  will  be  necessary  categorize  and  standardize  all 
procedures  and  variables  so  that  data  taken  in  many  different  lab¬ 
oratories  will  be  meaningful.  The  universal  nature  of  the  spectra 
will  depend  totally  on  calibration  of  the  spectra  and  detecting 
system.  Procedures  for  achieving  this  will  be  specified  later. 
Relevant  information,  such  as  fuel  used,  type  of  engine,  fuel/ 
oxidizer  ratio,  power  settings,  aspect  angle,  field  of  view,  and 
atmospheric  conditions  present,  must  be  specified  if  other  labora¬ 
tories  are  to  use  the  data.  Aspect  angle  is  particularly  crucial 
since  the  spectra  may  change  from  molecular  band  spectra  at  90  degrees 
aspect  to  a  continuum  at  0  degree  aspect.  The  range  of  the  target 
from  the  detector,  and  density  of  the  air  mass  will  change  the 
envelope  of  the  spectra  considerably  so  meteorological  data  must 
be  obtained.  Tnfra"*ed  measurements  of  aircraft  thus  are  seen  to 
present  many  problems  of  technique  to  workers  in  this  field. 

BACKGROUND  RADIATION 

The  sources  of  infrared  radiation  can  be  classified  into  tar¬ 
get  and  background  sources.  The  target  will  be  the  object  under 
study  and  the  background  is  some  distribution  of  radiant  flux  ex¬ 
ternal  to  the  object  which  interferes  with  and  perhaps  clutters 
the  data  received  from  the  object.  Since  we  would  like  to  be  able 
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to  distinguish  the  target  radiation  from  the  background  radia¬ 
tion,  a  knowledge  of  the  variability  and  extent  of  background 
radiation  would  be  helpful.  The  backgrounds  we  shall  consider 
will  be  the  radiance  from  the  sky,  ground,  and  ocean, 

Clear-Sky  Radiance 

Just  as  is  the  case  for  aircraft,  the  downward  radiation 
observed  when  there  is  a  clear  sky  comes  from  a  variety  of 
sources i 

The  emission  from  various  molecules  in  the  atmosphere » 

The  thermal  (blackbody)  radiation  from  matter  in  the  air, 

and 

The  scattering  of  radiation  from  the  sun. 

Just  as  in  absorption,  atmospheric  emission  is  primarily 

due  to  c02,  and  0^  molecules,  with  the  minor  constituents 

providing  very  little  emission.  The  spectral  radiance  of  a 

clear  sky  due  to  thermal  radiation  is  the  product  of  the  emis- 

sivity  of  the  sky  and  the  spectral  radiance  of  a  blackbody  at 

that  temperature.  The  effective  temperature  of  the  atmosphere 

is  usually  in  the  range  of  200  to  300°  K,  so  that  the  maximum 

emission  occurs  near  10  micrometers  and  has  a  value  of  approxi- 
-4  2 

mately  10  watt/cm  -pm.  At  shorter  wavelengths,  the  scattered 
sunlight  predominates,  so  chat  the  molecular  emission  can  be 
neglected  below  3  pm  in  the  daytime  and  is  very  small  in  this 
region  at  night  Beyond  4  Pm,  the  scattered  sunlight  can  be 

neglected  because  the  molecular  amission  is  much  larger  tt'.t/- 

urej  J-i  an  ’ 
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Because  the  radiation  from  the  sky  ie  due  to  both  molecular 
emission  and  scatterings  the  upectral  radiance  of  a  clear  sky 
varies  with  air  temperature,  slant  path  or  elevation  angle,  and 
water  vapor  content  of  the  atmosphere0  In  any  measurement,  a 
background  evaluation  should  be  carried  out  to  determine  the 
magnitude  of  the  extraneous  flux  reaching  the  detector  from 
that  source,, 

CLOUD  RADIANCE 

Since  clouds  are  composed  of  watei  vapor,  they  will  alter 
the  radiance  of  the  sky  by  scattering  the  sunlight  incident 
upon  their  upper  surfaces  and  by  molecular  mission  from  their 
lower  surfaces,  Because  H2O  molecules  ace  good  absorbers, 
infrared  radiation  traversing  a  cloud  layer  is  rapidly  absorbed. 

But  because  a  good  absorber  is  a  good  emitter  (Kirchhoff 's  law), 
a  cloud  radiates  strongly  in  the  normal  atmospheric  absorption 
bandso  Usually,,  clouds  are  a  few  degrees  coider  than  the  ambient 
temperature  on  the  ground,  consequently  they  will  radiate  as 
blackbodies  in  the  normal' atmospheric  window  regions  at  lower 
temperatures  than  the  intervening  air  mass, 

GROUND  RADIANCE 

The  radiant  energy  emitted  by  the  ground  is  determined  by 
the  emissivity^  reflectivity,  and  temperature  of  the  ground.  The 
radiation  from  terrain  is  the  sum  of  the  reflected  sky  radiation 
plus  the  radiation  emitted  by  a  blackbbdy  at  the  surfdce  temper¬ 
ature  times  the  smissivity  of  the  surface  For  grassy  terrain, 
approximately  15  percent  of  the  incident  radiation  is  reflected  » 
that  the  emissivity  of  the  surface  is  near  0  85  Below  Aum  most  of 


the  radiation  is  from  scattered  or  diffusely  reflected  sunlight , while 
above  b  ym  the  radiation  corresponds  to  blackbody  radiation  attenuated 
by  atmospheric  absorptions.  The  daily  variation  of  the  radiance  from 
various  types  of  terrain  follows  the  temperature  change  of  the  emitter. 
The  radiance  of  the  ground  falls  rapidly  near  sundown,  more  slowly 
throughout  the  night,  and  reaches  a  maximum  shortly  after  noon.  The 
scattered  radiation  below  ym  quite  often  is  10  times  larger  than  the 
blackbody  radiation  near  10  ym. 

OCEAN  RADIANCE 

A  water  surface  is  a  good  reflector  and  a  poor  emitter.  Thus, 
most  of  the  radiation  occurs  below  U  ym  for  such  a  surface.  The  waves 
on  the  ocean  surface  reflect  light  in  different  directions  depending 
on  their  orientation,  so  sunlight  can  be  reflected  at  very  low  eleva¬ 
tion  angles  as  well  as  the  angle  of  incidence. 
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CHAPTER  III 


CALIBRATION 

The  calibration  of  instrumentation  used  to  measure  the  charac¬ 
teristics  of  infrared  electromagnetic  radiation  is  complex  and  prob¬ 
ably  the  most  difficult  part  of  a  measurement.  At  the  same  time, 
the  calibration  step  is  the  most  important  procedure  in  any  measure¬ 
ment.  The  purpose  of  a  calibration  is  to  make  the  measurement 
independent  of  the  measuring  instrument.  The  data  which  results 
from  the  measurement  must  mean  something  to  someone  else  in  the  same 
field.  In  order  to  achieve  this  aim,  standard  calibration  procedures 
have  been  set  up. 

Our  principal  aim  is  to  measure  and  characterize  the  radiant 
emission  of  Army' aircraft  (slow-moving,  low-flyir.g  objects  with  fairly 
low  exhaust  temperatures).  The  values  of  radiant  intensity  should  be 
referred  to  blackbody  calibration  sources  traceable  to  th^  National 
Bureau  of  Standards  (NBS)  so  that  all  interested  laboratories  can 
readily  interpret  each  other's  results. 

The  exact  details  of  the  calibration  of  an  infrared  instrument 
depend  on  the  type  of  instrument,  the  spectral  region  in  which  it 
operates,  the  type  of  measurement  to  be  performed,  and  the  operator's 
familiarity  with  the  instrument.  As  closely  as  possible,  the  cali¬ 
bration  technique  should  follow  th**  actual  techniques  to  be  used  in 


the  measurement. 


Radiometers  and  spectrometers  are  the  primary  instruments  used  to 
measure  infrared  radiation,  Because  broadband  missile  seekers  are 
sometimes  used  in  the  overall  measurement  of  aircraft,  the  calibration 
of  broadband  radiometers.,  as  well  as  spectral  instrumentation,  will  . 
be  discussed, 

RADIOMETRIC  CALIBRATION 

The  calibration  of  broadband  radiometers  specify  the  essential 
characteristics  of  the  particular  instrument  in  use.  The  character¬ 
istics  listed  should  enable  another  worker  in  ti  field  to  recognize 
and  assess  the  capabilities  of  the  instrument.  This  requires  a 
knowledge  of  the  spectral  response,  sensitivity,  resolution,  field-of- 
view,  frequency  response,  and  the  noise  level  of  the  radiometer. 

The  two  primary  parameters  that  are  determined  by  the  calibra¬ 
tion  of  a  broadband  radiometer  are  the  spectral  response  and  the  Noise 
Equivalent  Irradiance  (NEI), 

Relative  Spectral  Response 

Thermal  detectors,  such  as  thermocouples  or  bolometers,  have  a 
spectral  response  which  is  uniform  over  a  very  wide  wavelength  in¬ 
terval,,  Because  photon  (selective  spectral  response)  detectors  are 
much  more  sensitive  than  thermal  detectors,  they  are  preferred  for 
use  in  detecting  low-intensity  radiation  sources;  however,  they  re¬ 
spond  only  to  finite  wavelength  intervals.  There  are  many  such 
detectors , and  appropriate  ones  can  be  found  for  almost  any  wavelength 
range  of  interest. 
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Because  of  the  wavelength-selective  nature  of  photon  detectors*  it  is 
necessary  to  characterize  their  response  and  to  include  this  parameter 
in  the  calibration  procedure. 

The  following  symbols  will  be  used  in  the  succeeding  discussion, 

V,(  X  )  **  the  voltage  output  of  the  system 

R<  A )  <=  the  response  of  the  system  to  some  amount  of  radiation 

where 

R(  A)  =  V(  A  )  /  E(  A  )  (3-1) 

E(  A )  *  the  irradiance  produced  by  the  source  at  the  radiometer 
aperture 

Ag  =  the  aperture  area  of  the  calibration  source 

A,  ■  the  area  of  the  radiometer  aperture  or  area  of  the  collecting 
a 

optics 

i 

M 

A  =  the  blackbody  spectral  radiant  exitance 
d  **  the  distance  from  the  source  to  the  radiometer  aperture 
Assume  the  source  of  the  radiation  is  an  NBS  traceable  black- 
body  at  temperature  Tv  then  the  spectral  radiant  exitance  is  given 
by  the  Planck  equation 

c, 

M  x  -  -4 - -  (3-2) 

A  J  exp  (c2/ A  T)-l 

In  the  absence  of  an  attenuating  medium  between  the  source  and 
receiver,  the  irradiance  at  the  radiometer  collecting  optics  is  given 
by 

\  -  ! x /d2  (3-3) 
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For  a  thermal  detector,,  such  as  a  thermocouple  or  bolometer,  the 
spectral  response  is  relatively  flat  so  that  it  may  be  considered 
constant  over  suitable  wavelength  intervals 0  Then  R„  the  constant  of 
proportionality  between  the  irradiance  produced  at  the  collecting  optics 
and  the  voltage  output  of  the  radiometer,,  is  a  true  constant  over  the 
wavelength  interval,,  The  wavelength  interval  being  considered  in  this 
case  is  the  effective  bandpass  of  a  photon  detector  used  in  the  radio¬ 
meter  <.  For  the  thermal  detector  then,  the  output  voltage  produced  by 

irradiation  over  the  wavelength  interval  from  X  ^  to  X  ^  is 

X  2 

V  ■  /  R  E(  X  )d  X  (3-4) 

1 

A  dispersive  monochromator  or  series  of  narrow  bandpass  filters 
can  be  used  as  spectrally  selective  elements  to  isolate  narrow  por¬ 
tions  of  the  spectrum*  The  wavelength  interval  selected  by  either  the 
bandpass  filters  or  the  monochromator  must  be  sufficiently  small  so 
that  the  responsivity  of  the  detector  is  essentially  constant  over 
the  wavelength  interval  (the  quantum  detector  in  this  case).  The 
essentially  monochromatic  radiation  so  produced  is  used  as  the  irra¬ 
diating  source  upon  the  system  being  calibrated  and  on  a  spectrally 
nonselective  thermal  detector*  Both  detectors  are  positioned  so  that 
they  are  completely  and  uniformly  irradiated  by  the  energy  from  the 
source,  and  the  pathlength  and  traversal  of  the  optics  should  be  made 
as  uniform  as  possible,.  The  voltage  developed  by  the  nonselective  de¬ 
tector  can  be  expressed  as  some  function  of  the  following  variables 
vc  (  >  )  =»  E  (  >  )  -  (  X  )  Rt  (  X  )  (3-5) 
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Thus4  the  output  vcltage  of  the  thermal  detector  depends  upon 
the  spectral  irradlance  at  the  collecting  optics,  the  spectral  trans¬ 
missivity  between  source  and  detector,  and  the  spectral  responsivity 
of  the  detectoto  Note  that  in  this  case 

Rt  <  A )  «  R  (3-6) 

R  is  a  constantg 

Similarly,  when  irradiated  by  the  same  spectrally  selective  de¬ 
vice,  the  voltage  developed  by  the  photon  (quantum)  detector  to  be 
calibrated  can  be  expressed  by 

V  (  A  )  «  E  (X  )  t  (A  )  R„  (  A  )  (3-7) 

q  q 

where 


R 


q 


(  A  )  =  Response  of  the  selective  detector 


Now,  taking  the  ratio  of  the  two  detector  outputs  over  the  spec¬ 


tral  bandpass  of  the  photon  detector  yields 

V  (  A  )  E  (  A  )  T  (  A  )  R  (  A  ) 
Vt  (  /  )  E  (A)  T  (A)  R  (A) 


(3-8) 


If  the  radiation  from  the  source  traverses  optically  identical 
paths  to  both  detectors  so  that  both  are  Irradiated  with  the  same 
amount  of  radiation  at  the  detector,  then  the  voltage  ratio  can  be 
expressed  as 


where  the 
all  other 


V  (A)  Rn  (A) 

ji _ »  q _ _ 


(3-9) 


Vt  (  A  )  R 

effects  of  atmospheric  attenuation  have  been  cancelled,  and 
identical  factors  have  been  dropped,, 


<0 


Considering  the  relative  spectral  response  of  the  thermocouple 
or  bolometer  to  be  essentially  flat  across  the  spectral  bandpass  of 
the  quantum  detector,,  the  responsivity  of  the  radiometer*  relative 
to  the  thermal  detector,,  is  given  by  the  variation  of  the  two  volt* 
ages  over  the  particular  wavelength  interval  used,  This  relative 
responsivity  is  then  normalized  to  unity  and  plotted  as  a  function 
of  wavelength. 


Rq  (X) 


Vq  (A) 

V^TT 


(3*10) 


Absolute  Spectral  Response 

Assuming  the  system  to  be  linear  *  i,e,„  if  a  change  in  incident 
radiation  produces  a  corresponding  change  in  output  voltage,  once 
the  relative  response  curve  has  been  experimentally  established , the 
absolute  spectral  response  of  the  system  can  be  obtained. 

For  these  linear  cases,,  the  absolute  spectral  response  is  pro¬ 
portional  to  the  relative  spectral  response*  and  it  suffices  to  meas¬ 
ure  the  absolute  value  of  the  spfectral  response  at  some  wavelength, 
usually  the  peak  of  the  response  curve.  As  a  check  on  linearity,  the 
absolute  value  of  the  spectral  response  should  be  measured  over  a 
variety  of  wavelengths. 

Let  the  maximum  value  of  the  relative  spectral  response  curve 
be  Rq  (*m)s>  an<l  the  relative  response  curve  be  denoted  by  f(A).* 


then 


R  (  A)  =  f  (  A  )  R  (  A  ) 
a  q  m 


(3-11) 


i  i 


where 


R&(  X  )  ■  absolute  response 

If  the  radiometer  is  exposed  to  a  blackbody  standard  source  of  spec¬ 
tral  irradiance*  E  ^  *  and  the  voltage  output  of  the  radiometer  is 
recorded  as  V  ,  this  can  be  expressed  as 

X  2 

vt  -  /  V  (  X  )  dX  (3-12) 

A1 

where  X^  and  X2  are  the  spectral  bandpass  limits  of  the  detector 
but  the  voltage  of  the  detector  at  any  one  wavelength  is 

V  (  X)  -  E(X  )  R  (  X)  (3-13) 

H  a 

so  that 

V  -  /  E( X )  R  ( X  )  d  X  (3-14) 

t  '  a 

rtl 

In  terms  of  the  relative  response  curve*  the  output  produced  by  the 
radiometer  is 

X  2 

V  -  /  f  (  X  )  R  (X)  E(X)  dX  (3-15) 

X  i  q  m 

but  R  ( X  )  Is  a  constant*  and  the  value  of  E( X )  can  be  calculated 

q  m 

eitherfrom  Planck's  radiation  law  or  obtained  from  standard  black- 
body  tables o 

Then*  since  V  is  determined  experimentally*  and  the  integral 

can  be  evaluated  either  numericallv  or  graphically*  the  value  of 

R  ( X  )  can  be  determined.  The  value  of  R  ( X  )  should  be  checked 
q  m  q  ra 

by  varying  the  temperature  of  the  blackbody  source. 


By  defining  the  maximum  value  of  the  relative  spectral  response 
curve  in  absolute  terms  and  multiplying  all  other  points  on  this 
curve  by  the  maximum  value,,  an  absolute  spectral  response  curve  can 
be  constructed  for  the  radiometer. 

Irradiance  Responsivity 

The  ratio  between  radiometer  output  and  incident  radiation  input 

is  called  the  radiometer  responsivity0  There  are  three  major  types 

of  radiometric  responsivity  power,,  irradiance..  and  radiance,  Since 

the  scale  used  for  calibration  and  measurement  is  established  in  terms 

of  the  radiometric  quantity  of  interest  as  measured  at  the  collecting 

optics  of  the  instrument,  the  irradiance  responsivity  as  measured  in 
2 

volt~cm  /watt  was  chosen. 

The  wavelength  interval  in  which  the  radiometer  is  sensitive  is 
not  determined  strictly  by  the  detector  response,,  for  the  spectral 
characteristics  of  the  optical  components  (filters,  mirrors*  gratings, 
and  prisms)  limit  the  bandpass  of  the  Instrument,  Two  approaches  can 
be  taken  to  obtain  the  spectral  responsivity  of  the  radiometer;  one 
is  to  compute  the  overall  spectral  responsivity  from  data  for  the  spec¬ 
tral  characteristics  of  all  of  the  components  involved;  the  other, 
to  make  direct  measurements  of  the  relative  responsivity  of  the  com¬ 
plete  radiometer  taken  as  a  unit  (as  a  function  of  wavelength) ,  A 
calibration  should  reproduce  as  closely  as  possible,  the  conditions 
to  be  used  in  making  measurements  For  this  reason*  a  spectral  re¬ 
sponsivity  calibration  of  the  entire  instrument  is  to  be  preferred. 


In  order  to  determine  the  absolute  spectral  responsivity  of  a 
radiometer „  an  experimental  determination  of  the  relative  spectral 
response  of  the  instrument  must  first  be  accomplished «  Then  a  sen¬ 
sitivity  measurement  is  carried  out  by  measuring  the  voltage  of  the 
system  when  the  detector  is  irradiated  by  a  source  of  known  spectral 
irradiancei,  an  NES  traceable  blackbody„ 

Noise  Equivalent  Irradlance 

The  NE1  is  merely  a  different  form  of  specifying  the  noise- 
equivalent  power o  NEI  Is  the  minimum  intensity  of  radiant  energy 
falling  on  the  surface  of  the  detector  which  will  give  rise  to  a 
signal  voltage  equal  to  the  noise  voltage  of  the  instrument,, 


n  *  the  number  of  mirror  surfaces 


f  *  the  focal  length  of  the  collimator 
The  results  of  such  a  calculation  are  shown  in  figure  3-1, 

In  determining  the  NE1V  the  quantity  of  primary  interest  is  the 
irradiance  within  the  spectral  bandpass  of  the  instrument.  This 


equation  is  expressed  as 


Jeff 


n  A 

s  A 
m _ s 

rf2 


f\2 

» 

I 


f  (\)E.  d\ 

A 


(3-17) 


The  voltage  output  of  the  radiometer  is  measured  for  several 

entrance  aperture  areas  and  blackbody  temperatures,  A  best-fit 

straight  line  plot  of  output  voltage  versus  effective  irradiance 

is  constructed.  The  equation  of  this  line  will  have  the  form 

V  =  R  E  „  +  C  -  (3-18) 

eti 

where 


R  and  C  are  constants 

The  NEI  is  then  determined  by  measuring  the  noise  voltage  and  solving 
this  equation  for  E  This  value  of  NEI  and  the  relative  response 
is  used  for  data  analysis  particularly  in  the  calculation  of  lock-on 
ranges  of  various  missile  seekers, 

FIELD  CALIBRATION 

The  preferred  method  for  field  calibration  is  to  use  a  standard 
blackbody  source  positioned  some  distance  away  from  the  instrument 
or  at  the  entrance  aperture  of  a  collimator  (housed  in  a  moveable  van) , 
and  to  take  measurements  of  this  source  between  successive  target 

jO 
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Fig.  3-1.  Spectral  Irradianue  of  a  Blackbodj 
Source  Over  a  Path  of  Five  Feet 
(Per  Unit  Area) 


measurements,,  Note  that  some  provision  for  atmospheric  attenuation  must 
be  provided  if  the  optical  path  between  source  and  receiver  is  not  purged. 
The  use  of  a  collimator  makes  this  feasiblej,  but  the  instrument  must  be 
removed  from  its  pedestal, 

SPECTROMETER  CALIBRATION 

Two  primary  parameters  of  a  spectrometer  must  be  determined  by 
calibration:  spectral  dispersion,  the  wavelength  dependence  of  some 
mechanical  variation  within  £be  instrument B  and  absolute  spectral 
response  as  a  function  of  wavelength,  A  third  parameter,  the  spec¬ 
tral  resolution,  must  also  be  known  either  by  experimental  means  or 
by  calculation, 

A  spectrometer  selects  a  narrow  portion  of  the  radiation  incident 
upon  it  and  selectively  focuses  this  narrow  band  of  energy  upon  the 
detector.  The  selective  character  cf  the  transmitted  radiation  may 
be  the  result  of  the  rotation  of  a  prism,  a  grating,  a  mirror,  or  a 
circular  variable  filter.  In  all  of  these  cases,  the  different  wave¬ 
lengths  of  light  are  dispersed,,  or  spread  out,  and  only  a  small  portion 
of  this  radiation  reaches  the  detector.  As  the  active  element  is 
continuously  rotated*  the  entire  wavelength  interval  of  interest  sweeps 
across  the  detector.  Thus, a  spectrometer  may  be  considered  to  be  a 
series  of  radiometers  of  very  narrow  bandpass*  equal  in  this  case  to 
the  resolution  of  the  instrument.  Knowing  the  spectral  dispersion  of 
the  instrument  presides  an  association  of  wavelength  with  some  meas¬ 
ured  mechanical  readout  of  the  rotation  of  the  active  element  within 

i? 


the  spectrometer 


The  technique  for  determining  the  spectral  dispersion  is  the  same 
for  all  wavelengths,  but  the  materials  used  vary0  If  the  dispersion 
is  linear,  only  two  points  on  a  plot  of  wavelength  vs  rotation  need  be 
determined,  but  in  the  usual  case,  the  nonlinearity  of  the  dispersion 
must  be  measured ,  The  spectrum  is  taken  of  a  sample  of  material 
(either  absorbing  or  emitting),  which  has  a  number  of  sharp  spectral 
lines  throughout  the  region  of  interests  The  wavelengths  or  fre¬ 
quencies  of  these  lines  are  then  plotted  on  the  dispersion  curve,, 
Polystyrene  absorption  film  can  be  used  for  instruments  operating 
between  3  and  15  micrometers.  In  dispersion  calibration  for  instruments 
operating  down  to  about  one  micrometer,  H^O  vapor  and  CC^  atmos¬ 
pheric  absorption  lines  can  be  identified,,  For  instruments  operating 
in  the  near-infrared,  there  are  many  gas  discharge  tubes  that  may  be 
used.  The  dispersion  curve,  must  contain  enough  points  to  clearly  de¬ 
fine  the  spectral  dispersion  of  the  instrument. 

Occasionally,  narrowband  interference  filters  are  used  to  iso¬ 
late  a  narrow  spectral  region,  and  the  peak  of  the  transmission  curve 
is  assigned  some  wavelength.  The  use  of  these  filters  for  wavelength 
dispersion  calibrations  is  recommended  for  approximate  measurements 
only.  If  they  are  used  at  all,  the  shift  in  the  peak  of  the  trans¬ 
mission  curve  must  be  considered.  All  filters  are  designed  for  normal 
incidence;  as  the  angle  of  incidence  increases,  the  peak  wavelength 
of  the  filter  is  reduced.  This  shift  in  wavelength  can  be  seen  by 
.considering  the  following  (diagram  (figure  3-2) < 
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The  incident  beam  enters  at  point  A  and  is  partially  reflected 
at  points  B  and  C.  Neglecting  refractive  index  changes,  the  two 
beams  travel  the  same  distance  to  points  C  and  D  (BD  =  DC);  the 
path  difference  is  CE.  The  above  two  examples  show  that  this  path  dif¬ 
ference  (CE)  becomes  shorter  at  greater  incidence  angles;  therefore, 
the  peak  wavelength  of  a  filter  will  decrease. 

The  equation  for  predicting  this  shift  in  wavelength  is 


where 


A 

_a  = 

A 

n 


sin2  a 


n 


(3-19) 


a  =  angle  of  incidence 
A  -  peak  wavelength  at  angle  A 

EL 

=  peak  wavelength  of  normal  incidence 
n  =  effective  index  of  refraction  of  the  filter 
For  small  angles,  the  shape  of  the  bandpass  does  not  change  apprec 
iably  except  for  a  small  decrease  in  overall  transmission.  At  larger 
angles,  the  center  of  the  peak  is  flattened  until  two  peaks  appear. 

This  is  due  to  the  differing  effective  index  of  refraction  for  the  two 
planes  of  polarization.  The  "p"  component  (parallel)  exhibits  less 
shift  than  the  "r"  component  (perpendicular) . 


The  transmission  of  a  narrowband  filter  also  will  shift  according 
to  the  spectral  distribution  of  the  incident  radiation.  For  the  above 
reasons  the  filter  transmission  characteristics  should  be  rpeasured 
under  the  same  conditions  used  when  determining  the  spectral  dispersion 
of  a  spectrometer. 

The  resolution,  or  sharpness,  of  the.-'’  filters  generally  is  not 
good  enough  to  unambiguously  characterise  the  transmission  peak  to 
sufficient  accuracy  for  calibration  purposes .  por  all  of  the  above 
reasons,  use  of  narrowband  interference  filters  for  wavelength  cali- 

i 

bration  is  discouraged. 

Absolute  Spectral  Response 

The  absolute  spectrax  response  is  determined  m  much  the  same 
manner  as  that  of  a  radiometer,  but  because  a  spectrometer  acts  like 
a  narrowband  radiometer,  the  absolute  spectral  response  can  be  determined 
directly.  No  relative  response  curve  is  necessary.  A  standard  black- 

body  source  is  used  to  irradiate  the  optics  of  the  instrument .  The 
Planck  equation  is  integrated  over  a  wavelength  equal  to  the  resolution 

of  the  instrument  to  determine  irradxdnce  values  Thus,  m  principle., 

a  spectrometer  :s  easier  to  Oi. io;ate  than  a  radiometer,  although  the 

mathematics  and  data  reduction  become  more  complex 


A  standard  blackbody  source  should  be  used  as  the  calibration 
standard.  Several  commercial  blackbody  sources  are  available  for  this 
purpose,  all  of  which  require  frequent  calibration  checks.  These 
sources  normally  operate  at  temperatures  up  to  1000°  C.  The  higher 
temperature  sources  are  needed  when  calibrating  visible  and  UV  spectro¬ 
meters.  Tungsten  ribbon  lamps  that  operate  at  greater  than  2700°  'C 
are  available  and  are  generally  used  in  the  visible  and  UV  regions  of 
the  spectrum.  Although  the  lamps  approximate  biackbodies,  they  require 
frequent  calibration.  Any  source  of  continuous  radiation  could  be  used 
to  calibrate  spectrometers  provided  the  spectral  emission  is  absolutely 
known.  (  However,  usually  it  is  not  practical  to  use  a  source  other  than 
a  blackbody  or  standard  lamp. 

RESOLUTION 

The  resolution,  or  resolving  pcwoi  ,  of  an  instrument  is  its  ability 
to  distinguish  between  two  adjacent  spectral  lines.  The  ability  of  an 
.  instrument  to  separate  two  closely  spaced  spectral  lines  rather  than 
blending  them  into  one  broad  line  is  iimited.  The  resolving  power  can  be 

I 

expressed  as  the  ratio  of  the  wavelength  observed  to  the  smallest  difference 


between  two  wavelengths  which  can  just  be  resolved  or  distinguished  as 
individual  lines.  The  ratio  — jj—  is  then  the  resolving  power.  Its 
reciprocal  is  sometimes  used  in  terms  of  percentages  to  distinguish  the 
highest  obtainable  resolution.  Actual  working  resolution  is  a  function 
of  the  slit  width,  adjustment  of  the  optics,  time  constant  of  the  instru¬ 
ment  and  detector  time  constant,  and  speed  of  scan.  Resolution  should 
be  measured  experimentally  by  trying  to  resolve  two  closely  spaced  lines 
such  as  in  the  atmospheric  absorption  of  water  vapor. 


OTHER  PARAMETERS 

Additional  parameters  that  apply  to  both  radiometers  and  spectro¬ 
meters  must  be  known.  The  response  as  a  function  of  target  position 
within  the  field -of  •-view ,  and  the  frequency  or  modulation  response. 
These  two  parameters,  while  being  relatively  simple  to  determine,  are 

extremely  difficult  to  apply  in  data  reduction.  The  response  as  a 
function  of  field-of-view  is  determined  by  use  of  a  collimated  point 
source  and  an  indexing  table  to  provide  instrument  output  as  a  function 

of  aspect  angle.  Then  a  contour  plot  of  the  field -of -view  response  can 

be  constructed  To  apply  this  information  to  data  reduction  and  anal¬ 


ysis,  an  accurate  boresight  camera  must  be  used.  When  accurate 


I 


collimation  of  the  optical  axis  of  the  camera  and  instrument  has  been 


achieved,  the  position  01  the  target  with  respect  to  the  optical  axis 
can  be  determined.  The  instrument  designer  strives  to  produce  an  in¬ 
strument  that  has  a  uniform  response  across  the  field-of-view.  However, 
perfect  alignment  of  the  instrument  must  be  maintained,  and  frequent 
checks  of  the  field-of-view  response  are  necessary.  The  problem  of 
field-of-view  response  of  a  spectrometer  is  even  more  complex  because 
the  target  position  in  the  field-of-view  may  cause  dispersion  tc  shift 
slightly. 

The  frequency,  or  modulation,  response  in  most  cases  is  not  dif¬ 
ficult  to  take  into  account.  Usually  determining  the  time  constant  of 
the  instrument  is  sufficient.  However,  when  the  target  is  an  aircraft, 

it  is  possible  that  at  certain  aspects  the  radiation  emitted  by  the 
target  or  background  will  pass  thr^ugn  the  rotor  blades  or  props  and 
be  modulated  at  relatively  high  i requencies ,  which  is  a  problem  that 
must  be  considered.  F.r  the  case  cl  broadband  radiometers,  the  response 
as  a  funct: cn  ol  frequency  is  usually  considered  to  be  independent  of 
the  wavelength  of  incident  energy,  However,  this  is  not  strictly  true, 
and  the  Irequency  response  must  be  considered  when  spectral  measurements 
are  performed 


CALIBRATION  OF  SOURCES 


Since  the  target  measurement  is  based  upon  the  calibration  of 
the  instruments,  it  xs  very  important  that  standard  sources  known 
to  be  accurate  are  used  for  calibration.  Several  laboratories 
throughout  the  United  States  calibrate  these  sources:  the  Army  at 
Redstone  Arsenal,  Huntsville,  Alabama;  the  Air  Force  at  Newark  Air 
Force  Station,  Newark,  Ohi^;  the  Navy  at  Point  Mugu,  California; 
the  Army  at  White  Sands  Missile  Range,  New  Mexico;  and  Eppley  Lab¬ 
oratories,  Inc,,  Newport,  Rnode  Island,  The  National  Bureau  of 
Standards  at  Gaithersburg,  Maryland,  maintains  national  primary 
standards  which  are  sent  to  laboratories  around  the  country  both  for 
calibration  of  the  standard  and  certification  of  the  laboratory. 
Laboratories  which  have  Deen  certified  by  NBS  are  capable  of  cali¬ 
brating  blackbody  standards  to  within  one  percent  cf  each  other  and 
of  NBS.  Ail  blackbody  sources  used  f^r  ca.ibration  purposes  must  be 


NBS  traceable  to  insure  athoxic  data 


CHAPTER  IV 


MEASUREMENT  TECHNIQUES 


The  fnpe  of  test  or  measurement  depends  upon  the  objectives  of  the 
program  undertaken.  Since  it  would  be  impossible  to  discuss  in  detail 
all  objectives  that  might  be  required,  this  chapter  presents  a  general 
discussion  of  infrared  measurement  techniques  before  going  into  the 
specific  problem  of  obtaining  the  infrared  signature  of  slow-moving  air¬ 
craft.  The  type  of  data  which  can  be  obtained  in  air-to-air,  ground-to- 
ground,  and  ground-to-air  measurements  should  be  chosen  to  fulfill  the 
mission  requirements. 


Several  techniques  can  be  utilized  to  measure  infrared  radiation. 
These  techniques  can  be  generally  categorized  into  radiometric,  (broad¬ 
band)  and  spectral  (narrowband)  measurement's. 

The  voltage  produced  by  radiation  incident  upon  a  detector  can  be 
expressed  for  either  a  broadband  radiometer  or  a  narrowband  spectrometer 
by  the  equation: 

1 
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R(a)  t(a)  1(a)  dA 
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where :  d 

R(  a) 
Ka) 

l  ( A ) 


A 

Distance  from  detector  to  target 

Responsivity  of  the  instrument  as  a  function  of  wavelength 
Spectral  radiant  intensity  of  the  target 
Atmospheric  transmission  as  a  function  of  wavelength 
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For  the  case  of  a  broadband  radiometer,  the  limits  of  the  integration, 

X  to  A  +  AA,span  the  bandpass  of  the  instrument.  One  number,  the  total 
value  of  the  integral,  is  the  resultant  of  the  radiometric  measurement. 
Knowing  the  responsivity  of  the  detector,  the  distance  from  the  target,  and 
the  voltage  output  does  not  determine  the  radiant  intensity  of  the  target 
unless  the  attenuation  by  the  atmosphere  also  known.  Because  the  absorp¬ 
tion  of  radiation  by  the  atmosphere  is  a  rapidly  changing  function  of  wave¬ 
length,  pathlength,  absorber  concentration,  pressure,  and  temperature,  its 
effect  i3  not  easily  determined.  One  cannot  utilise  the  atmospheric  trans¬ 
mission  function  or  the  responsivity  of  the  detecting  instrument  unless  the 
spectral  distribution  of  the  target  is  known.  Thus,  since  the  spectral 
distribution  is  the  needed  parameter,  radiometric  measurements  yield  only 
the  relative  energy  levels  of  a  target  as  detected  by  the  particular 
instrument.  The  data  cannot  be  compared  with  or  applied  to  other  instru¬ 
ments  with  different  responses  or  for  different  atmospheric  conditions. 

The  fact  that  the  total  value  under  the  integral  sign  of  equation  I*-l 
is  the  only  numerical  result  of  a  radiometric  measurement  can  be  more  easily 
understood  by  considering  a  radiometer  with  a  spectral  response  ns  shown  in 
figure  li-1,  measuring  a  source  with  a  spectral  distribution  &3  shown  in 
figure  l*-2,  and  viewing  the  source  through  nr.  atmosphere  with  a  transmission 
an  shown  in  figure  lt-3« 
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Figure  4-3»  Atmospheric  Trontmission 


The  irradiance  incident  upon  the  radiometer  and  producing  the  output 
voltage  will  have  a  spectral  distribution  which  is  the  point-by-point 
product  of  the  curves  of  figures  b-2  and  k-3.  This  product  is  shown  in 
figure  k-U.  Each  wavelength  of  the  incident  irradiance  will  cause  a 
response  in  the  instrument  according  to  the  response  curve  and  produce 
a  voltage  output  represented  by  the  point-by-point  product  of  figures 
and  This  product  is  shown  in  figure  h-5  and  the  area  under  this 

curve  corresponds  to  the  integral  which  is  representative  of  the  voltage 
output . 

The  integral  of  the  curve  of  figure  h-5  expressed  mathematically  is 


then: 
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A  +  AA 


R(A)  T ( A )  E(A)  dA 


(U-2) 


which  is  the  same  as  equation  h-1  without  the  factor  1/d2  converting 
radiant  intensity  to  irradiance. 

Thus,  it  can  be  easily  seen  that  the  voltage  will  change  when  the 
atmospheric  transmission  (figure  h-3)  or  the  spectral  distribution  (fig¬ 
ure  h-2)  of  the  target  radiation  changes.  The  total  value  of  the  target 
radiant  intensity  can  remain  constant  with  a  change  in  its  spectral  dis¬ 
tribution.  Thus,  two  different  aircraft  employing  two  different  types-  of 
fuel  could  conceivably  produce  the  same  total  radiant  intensity  even 
through  their  emissions  are 'at  different  wavelengths  lying  within  the 
bandpass  of  the  radiometer. 
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Figure  4-5.  Instrument  Response  To  Spectral 
Irradiance 


To  obtain  meaningful  radiation  characteristics  of  an  aircraft,  it  is 
necessary  to  describe  the  spectral  radiant  intensity  of  the  target.  This 
d.ita  then  shows  the  *  eg  tons  m  which  Lie  the  aircraft's  vulnerability  to 

infrared  detection.  The  main  difference  in  the  voltage  output  expression 
(equation  4-i)  for  a  spectrometer  is  that  the  wavelength  interval, AA,  is 
sufficiently  narrow  so  that  the  response  of  the  instrument  is  constant; 
therefore,  the  atmospheric  transmission  data  can  be  utilized.  Therefore, 
with  the  instrument  response  and  the  atmospheric  transmissivity  known,  the 
value  of  radiant  intensity  for  the  wavelength  interval,  AA,  can  be  deter¬ 
mined.  The  narrower  the  soectrnl  resolution,  corresponding  to  AA.,  the 
more  accurately  the  spectral  characteristics  of  the  target  can  be  determined. 

Host  spectrometers  for  field  use  are  designed  to  scan  a  relatively 
wide  spectral  region  so  quickly  that  the  radiant  exitance  of  the  target 
does  nut  change.  The  result  is  absolute  spectral  radiant  intensity  as 
a  function  of  time,  aspect  angle,  or  other  parameter  of  interest.  Spectral 
data  of  this  type  is  suitable  for  further  analysis  as  it  contains  a  great 
deal  of  information.  A  spectrometer  (or  spectro-radiometer)  suitable  for 
this  type  of  measurement  should  be  capable  of  a  resolution  below  one  per¬ 
cent  of  the  instantaneous  wavelength.  Ir  essence,  a  spectrometer  provides 
instantaneous  radiometric  data  as  a  function  of  wavelength. 

SPECTRAL  MEASUREMENTS 

To  obtain  the  abcolu  e  spectral  radiant  intensity  of  a  target,  the 
background  radiation  and  the  internal  reference  radiation  of  the  instru¬ 
ment  must  be  considered.  When  measuring  a  target,  the  output  of  a  typical 
spectrometer  will  represent  an  energy  level  given  by 
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-  a).j.L^(X)  -  0)rLr(X) 


AE_.  ( X ) 


(M3) 


where  L,  =  Spectral  radiance  of  the  target 

L  =  Spectral  radiance  of  the  background 
Lr  =  Spectral  radiance  of  the  reference  source 
to  -  Solid  ungie  fie.td-of-view  of  the  instrument 
uj  j.  =  Sol  id  angle  subtended  by  the  target 

Equation  t- i  r>how:>  that  the  irradiance  represented  by  the  instru¬ 
ment  output  is  the  sum  ol  that,  of  the  target  and  background,  minus  the 
background  obscured  by  the  target*,  minus  the  irradiance  of  the  reference 
source . 

t\  background  measurement  can'  be  performed  to  determine  the  value  of 
the  term  coRL^U)  •  In  the  background  measurement  the  spectral  irradiance 
observed  by  the  instrument,  can  he  exnressed  as 

AEbU)  =  «RLb(A)  -  u)f  LR(A)  (MO 

Therefore,  by  measuring  the  background  and  target  separately  and  sub¬ 
tracting  the  background 

AE(A)  =  AE,(x)  -  aEb(x)  =  w,.L,.(x)  -  w.j.L.U)  (H-5) 

hut  u',,.L,.(>)  is  the  spectral  irradiance  of  the  target  only,  and  this 
is  the  result  we  wish  to  detex-mine.  Thus,  by  adding  to  AE(X),  the  amount 
of  background  energy  obscured  by  the  target,  ukL^A),  we  arrive  at  our 


w.L.(a)  j-  AK(0  +  w,L,  (X) 
"  *  b 


(MS) 


rosul i 


In  order  to  find  w^L(l),  it  is  necessary  to  know  the  target,  distance 

and  area  of  its  projected  surface  since 

u).  =  hj  d':  (U-7) 

1  • 

Therefore,  an  abcolule  measurement  can  be  performed  only: 

1.  When  the  target  can  be  considered  a  point  source,  i.'e.,  Wj.  is 
v«iy  small.  compared  with  o 

It 

When  the  and  distance  o  1  the  target  are  known,  or, 

i.  When  the  background  radiation  is  negligible 

Any  measurement  must  u’  iliac-  one  of  these  three  methods  for  dealing 
w;th  ’h*.-  background  radiation, 
c’Oh'i  Ra'oT  TEv.  hlbUES 

tiino_  some  missile  seekers  might  operate  by  the  contrast  method,  an 
understanding  of  this  technique  is  necessary.  The  irradiance  detected  -by 
a  contrast  seeker  is  the  summation  oi  the  irradiance  caused  by  the  target 
vor.tr, st,  background  contrast,  and  the  reference. 

For  a  measurement  of  the  contrast  between  target  and  background ,  the 
instrument  output  represents  an  energy  level  given  by 

AEo  =  (Lo  ( 1/ ?.  «R  -  wf)  +  L+wJ  -  '(I^  1/2  coR)  (4-8) 

~h-.ie  L  -  Audi  art  co  of  the  background 

>«j  3  Total  neld-of-view  of  the  seeker 

w,  -  Angie  subtended  by  the  target  at  the  seeker 

L+  -  Radiance  or  the  target 
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the  purpose  of  designing  missiles  or  for  devising  methods  of  sup¬ 
pressing  the  the-  infrared  radiation  emitted  by  the  aircraft.  There¬ 
fore,  it  is  important  to  know  in  which  regions  of  the  infrared  spectrum 
the  principal  emission  occurs.  For  hydrocarbon  fuels,  such  as  JP-U,  the 
principal  emission  or  at”  in  the  carbon  dioxide  and  water  vapor  bands 
tabulated  e-ar.ier  Thus,  f-r  seekers  or  detectors  operating  in  the 
atmospheric  transmission  windows,  this  molecular  emission  may  be  unde¬ 
tectable,  but,  the  g is ecus  continuum  thermal  radiation  will  be  detect- 
atie  Consequently ,  the  aircraft  may  or  may  not  be  vulnerable  to  missiles. 

A  spectral  map  of  the  unattenuated  spectral  radiant  intensity  of 
t hr  r-'urre  ove:  toe  infrared  region  of  interest  is  required.  The  spectral 
interval  may  be  tt  i.it  up  into  i  5-3*0,  3. 1-5.1,  an&  8.0-1  U .0  ym  meas¬ 
urement  region;  but  an  attempt  should  be  made  to  cover  the  widest  total 
spectrum. 

Aspect  Angle 

I*,  addition  to  the  spectral  distribution  of  the  radiation  emitted  by 
an  a. reran. ,  the  s pat. 1 a ,  distribution  must  also  be  known.  Then,  too,  the 
vulnerability  M  the  aircraft  tc  a  missile  approaching  from  the  nose-on 
asp**  t  (o  j,  at  ./►.  th,  aircrait,  below  the  aircraft,  or  directly  behind 
'r*-  -uriiif'.  :  ibu  ui.'uu1  h  •  must  be  known.  This  knowledge  may  lead  to 
t*.-r  •  cr  *■  •  u  . /*'  t  1.  M '  a  1  maneuvers  or  the  use  of  shields  or  contoured  ex¬ 
haust  systems  t  »  .diape  t.ne  direction  sf  emission.  In  order  to  control 
the  f.A'  jf  inf  r  are  i  rad  la*  i  or.  from  the  aircraft,  its  characteristics  . 
must  be  ko-wu. 
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Spatial  knowledge  must  extend  to  range,  since  A  knowledge  of  the 

I  * 

radiation  levels  at  various  distances  from  the  source  is  ’necessary  to  , 

1 

determine  proper  launch  boundaries .  Proper  knowledge  of  -the  spatial 
distribution  of  infrared  radiation  would  show  a  sphere  surrounding  the 
aircraft,  with  the  radiation  levels  specified  for  each  point  within  the’ 
sphere  in  terms  of  range,  azimuth,-  and  elevation  angle's.  To  acquire 
this  information,  various  test  procedures  must  be  undertaken.  These  1  , 

procedures  follow. 

ATTITUDE  DETERMINATIONS 

Infrared  measurements  of  the  radiation  emitted  from  aircraft  as  a 
function  of  aspect  angle  require  precise  information  about  the  position  .  ■  , 
and  attitude  of  the  aircraft  relative  to  the  measuring  instrument.  Fouij 
parameters  of  the  airframe  (heading,  roll,  pitch,  and  yaw)  'and  three  param¬ 
eters  of  the  instrumentation  pedestal  (range,  azimuth,  and  elevation)  will 
serve  to  completely  define  the  aspect  of  the  airframe  relative  to  the 
measuring  instrument. 

,  *  .  * 
Aircraft  Instrumentation  '  * 

nr-.  ii  t  i  , 

There  are  two  major  subsystems  -in  the  aircraft  instrumentation  system, 

I  i 

an  attitude  monitor  and  a  recording  or  telemetry  subsystem.  The  attitude 
monitor  determines  the  roll,  pitch,  yaw,  and  heading  of  the  aircraft.  If 
the  data  is  recorded  in  the  aircraft,  the  system  would  time-multiplex  the’ 
analog  signals,  convert  them  to  digital  pulses,  and  record  them  on  tape. 
Digital  time  information  is  transmitted  to  the  aircraft  via  the  communica¬ 
tion  link  for  time  correlation  purposes.  If  the  data  is  telemetered,  the 


* 
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analog  signals  would  be  multiplexed ,  converted  to  digital  signals,  and 
transmitted  to  the  ground  station, 

:  Sampling  rates  of  a  few  times  a  second  should  be  adequate  to  describe 
the  aircraft  as  a  function  of  time, 

I  * 

'  Attitude  monitoring  of  the  aircraft  can  be  taken  from  a  vertical 
reference  or  a  stable  platform.  Most  operational  vertical  references  " 

i  1 

suffer  from  'acceleration  errors.  Stable  platforms,  although  considerably 

i 

more,  expensive,  provide  accurate  attitude  information  regardless  of  vehicle 
maneuvers,  Heading  information  can  be  derived  from  a  stable  platform  or 
frim  a  gyro-stabilised  compass  system.  Earth's  rate  effects  and  other 
geophysical  phenomena  can  be  compensated  for  either  by  the  measuring  device 
cf’by  data  corrections  based  on  the  aircraft' 3  flight  path. 

Ground  Instrumentation 

If  the  data  from  the  aircraft  is  telemetered  to  -e..  ground  receiving 
station,  provision  for  recording  and  timing  thiv  information  must  be  pro- 
iVided  along  with  instrumentation  for  ~»<ceiving  pedestal  information.  A 
tracking  radar  provides  the  airp  coordinates  and,  if  the  master  instru¬ 
mentation  pedestal  is  slaved  to  it,,  also  provides  the  pedestal  azimuth  and 

I  t  1 

elevation  angles. 

ASPECT  GEOMETRY 

By  common  usage,  the  position  of  a  point  in  space  with  respect  to  an 
aircraft  is  defined  in  terms  of  R,  0,  and  $  where 
■  R  =  slant,  range 

0  -  elevation  angle 

$  =  angle  projected  on  the  horizontal  plane  through  the 

aircraft  measured  from  the  nose. 
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The  information  returned  from  the  radar  shall  consist  of  the  follow¬ 
ing: 

AZ  =  radar  azimuth  angle  measured  from  north 

ALT  =  altitude  of  the  aircraft  with  respect  to  the  radar 
R  =  slant  range 

0  =  elevation  angle 

The  elevation  angle  is  related  to  the  slant  range  and  the  altitude 
of  the  aircraft  through  the  usual  relation 

6  =  arc  3ine  ALT/R  ( U— 11 ) 

so  that  only  three  of  these  parameters  are  independent. 

‘The  information  returned  from  the  aircraft  shall  consist  of  the  fol¬ 
lowing  or  some  parametric  version  of  these: 

H  =  heading  angle  of  the  aircraft  measured  from  north 
ROL  =  roll  angle  of  the  aircraft 

PIT  =  pitch  angle  of  the  aircraft 

YAW  =  yaw  angle  of  the  aircraft  (measured  deviation  from 

heading) 

In  terms  of  the  above  parameters,  4>  is  given  hy  the  following: 

<j>  *  180°  -(H  -  AZ)  (4-12.) 

Figure  4-6  shows  an  aircraft  in  level  flight  being  illuminated  by  a 
radar;  figure  4-7  shows  this  situation  projected  onto  a  horizontal  plane, 
and  serves  to  define  $,  heading  angle,  and  radar  azimuth  ingle. 
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Figure  4-6*  Aircraft  in  Level  Flight  Illuminated  by  Ground  Radar. 


Figure  4-7.  Projection  of  Above  Figure  on  a  Horizontal  Plane. 


The  easiest  way  to  visualize  the  changes  in  the  aspect  angles  0  and 
i>  is  to  imagine  the  aircraft  at  the  center  of  a  sphere  with  a  radius  equal 
to  the  slant  range,  R»  Then  changes  in  roll,  pitch,  or  yaw  effectively 
cause  the  position  of  the  radar  on  the  surface  of  the  sphere  to  change 
correspondingly  (figure  U— 8) -  The  analysis  of  these  changes  to  yield  the 
new  aspect  angles  0"  and  <p"}  made  by  Mr,  E,  G„  Meyer  and  Mr*  C.  L.  Mohre 
of  Radiation  Incorporated,  Melbourne ,  Florida,  follows: 

Visualization  of  the  changes  in  0  and  <;  brought  about  by  pitch 
end  r  >11  angles  can  be  aided  by  considering  the  aircraft  to  be  located  at 
the  center  of  a  sphere  and  the  radar  on  the  surface  of  the  sphere.  Thus, 
the  radius  of  the  sphere  is  equal  to  the  slant  range,  R,  Figure  U-8  shows 
a  side  view  of  the  sphere  with  the  radar  at  point  A*  Changes  in  aircraft 
attitude  can  be  considered  as  changes  in  the  position  of  the  radar  with  the 
aircraft  remaining  stationary.  Thus,  changes  in  aircraft  heading  can  be 
represented  as  movement  of  the  radar  on  the  heading  circle  BC.  Roll  of  the 
aircraft  can  be  represented  as  movement  of  the  radar  on  the  roll  circle  D£. 
Pitch  of  the  aircraft  can  be  represented  as  movement  along  the  pitch  circle 
which  passes  through  point  A.  A  combination  of  roll  and  pitch,  as  an  ex¬ 
ample,  would  be  represented  by  movement  from  A  along  the  roll  circle  to  F, 
followed  by  movement  along  the  new  pitch  circle  to  point  G*  The  order  of 
the  movement  is  immaterial;  the  result  could  have  been  obtained  by  proceed¬ 
ing  along  the.  pitch  circle  to  pcint  H  and  then  along  the  new  roll  circle 
to  pcint  G. 
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With  the  addition  of  roll,  pitch,  and  heading  circles  to  the  sphere 
additional  quantities  may  he  defined  as  follows: 


*R 

radius  of  the- 

roll  circle 

R 

P 

= 

radius  of  the 

pitch  circle 

% 

radius  of  the  heading  circle  =  ground  range 

SR 

= 

separation  of 

roll  circle,  or  the  distance 

from  the 

center  of  the 

roll  circle  to  the  origin  of  the  sphere 

SH 

= 

separation  of  the  heading  circle  =  altitude 

S 

P 

= 

separation  of 

the  pitch  circle 

These  may  he  defi 

,ned  in  terms  of  R,  0,  and  4  with  the  aid  of 

figure  i*-9 

Thus, 

V 

=■ 

*  ALT ’  =  ’  R  sin 

6 

(3) 

‘  "  ' 

'  *H 

= 

R  cos  0 

(It) 

S 

P 

= 

Rjj  cos  (4-90) 

=  R  cos  0  cos  (4-90) 

(5) 

SR 

= 

Rh  sin  (4-90) 

=  R  cos  0  sin  (4-90) 

= 

R  cos  0  cos 

4 

(6) 

V 

= 

sp2  +  sh2  ■ 

(R  sin  0)2  +  (R  cos  0  sin 

4)2 

* 

R2  (sin2  0 

+  cos2  0  sin2  if] 

= 

R2  [l  -  cos2 

0  cos2  4] 

(7) 

RP2 

= 

q  2  4  q  2  — 

(R  sin  0)2  +  (R  cos1  0  cos 

4)2 

= 

R2  [sin2  0 

+  cos2  0  cos2  4] 

R2  [1  -  cos2 

0  sin2 

(8) 

Since  6 

and 

4 

were  defined 

in  terms  of  H,  AZ,  ALT,  and  R 

,  all  of 

the  quantities  are  now  defined  in  these  terms. 
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Now  consider  the  introduction  of  a  roll  angle.  Figure  U-10  shows 
a  portion,  of  the  roll  circle  with  a  roll  angel,  ci,  introduced.  'The  roll 
angle  moves  the  relative  position  of  the  radar  to  new  heading  and  pitch 


circles  with  new  heading  and  pitch  separations,  SR,  and  S^, ,  and  a  new 
pitch  circle  radius  RR, . 

SR,  =  RR  sin  [a  4  sin”1  Sh/Rr]  (9) 

S  ,  =  R^  ccs  [a  +  sin  1  S,,/R_]  (10) 

p  n  n  R 

(Rp,)2  -  (SH,)2+Sfi2  (11) 

Now  if  a  pitch  angle,  6,  is  introduced  as  shown  in  figure  U— 11 ,  the 
pitch  angle  moves  the  relative  position  of  the  radar  to  new  heading  and 
roll  circles.  This  results  in  new  heading  and  roll  separations,  SR„and 


SHI/  =  Rp,  sin  [8  +  sin”1  SH,/Rp,]  (12) 

SR,  =  Rp,  cos  [6  +  sin”1  SH,/R  ,]  (13) 

.  ^  ’  * 
Figure  4-9  may  now  he  redrawn  in  terms  of  the  new  circles  and  sepa¬ 
ration  (figure  U-12)  and  resulting  b"  and  4>"  may  he  determined. 

sin  6"  =  y!{„/R  or  0"  =  sin"1  S{i„/R  (lU) 

cos  ($."  -  90)  -  sir.  4;’'  -  _ _ 

V<v?  +  (sp.)2 


<p”  *  sin" 


-VfsR,^  +  (sp,)*" 


AIRCRAFT 


*1 


a 

i 

a. 


Figure  4-10.  Portion  of  the  Roll  Circle. 


8  * 


AIRCRAFT 


Figure  4-11.  Portion  of  the  Pitch  Circle. 


The  resulting  angles  of  the  radar  vlth  respect  to  the  aircraft  may 
be  obtained  in  terns  of  the  basic  parameters  of  R,  AZ,  ALT,  H.  o,  and  p. 


AIRCRAFT 


Figure  4-12.  New  Separations  Showing  9*  and  Determined. 
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GROUND-TO-GROUND 


A  ground-to-ground  test  will  provide  a  map  of  the  infrared  radiation 
within  a  circle  about  the  aircraft.  For  helicopter  measurements  a  grid 
should  be  laid  out  on  the  landing  pad  with  a  centering  mark  over  which 
the  exhaust  pipe  should-  always  be  placed.  Then,  if  the  instrument  is 
in  a  stationary  position,  the  helicopter  cm  rotate  in  a  circle  to  de¬ 
fine  the  different  aspect  angles  with  respect  to  the  measuring  instru¬ 
ment.  A  spectrometer,  boresight  camera,  and  an  optical  tracking  scope 
are  required.  The  three  instruments  are  mounted  on  a  pedestal  and  bore- 
sighted  at  the  point  on  the  landing  pad  where  the  exhaust  pipe  is  expected 
to  be.  The  range  can  be  determined  beforehand,  but  aspect  angles/must  be 
determined  each  time  the  helicopter  lands.  This  can  best  be  done  by  tri¬ 
angulation  using  a  surveyor's  transit  or  theodolite.  Spotters  will  be 
.necessary  to  insure  that  the  helicopter  is  in  a  correct  position  before 
each  measurement.  Atmospheric  data  must  also  be  taken. 

For  other  aircraft  which  are  not  easily  rotated,  it  may  be  necessary 
for  the  spectrometer  itself  to  be  rotated  about  the  pad.  This  will  involve 
considerable  set-up  time,  so  fewer  measurements  would  be  taken.  In  these 
cases,  measurements  taken  every  15  degrees  should  suffice.  Measurements 
should  not  be  spaced  farther  than  30  degrees. 

Once  an  atmospheric  attenuation  program  has  been  set  up,  it  is  merely 
a  matter  of  geometry  and  computer  time  bo  determine  values  of  radiant  inten¬ 
sity  at  other  ranges.  A  background  run  should  be  taken  and  calibration- 
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procedures  carried  out.  1'f  feasible,  it  would  be  quite  beneficial  to  sub¬ 
stitute  a  calibrated  blackbody  at  the  target  point  to  determine  both  abso¬ 
lute  radiation  levels  and  atmospheric  attenuation  experimentally  rather 
thap  calculating  irradiance  levels  and  transmissivity. 

GROUND-TO-AIR 


This  will  be  the  most  widely  used  procedure  and  will  necessitate  a 
fly.-by  of  the  aircraft  making  repeated  passes  across  the  instruments’ 
scanning  region.  For  this  reason  flight  patterns  and  instrumentation 
will  be  discussed  before  describing  che  actual  test. 

The  problem  of  determining  range  is  easily  solved  by  using  range  radar, 
but  the  problem  of  determining  aspect  angle  is  much  more  difficult.  Two 
■methods  of  relying  on  boresight  film  images  for  later  analysis  of  aspect 
angle  have  been  developed  by  the  Naval  Weapons  Center  at  China  Lake  and 
by  the  Missile  Electronic  Warfare  Technical  Area  at  White  Sands  Missile  Range. 
These  methods  are  published  elsewhere.,  but  neither  is  sufficiently  accurate 
to  warrant  its.  use.  The  heading  compass  within  the  aircraff  is  not  suf¬ 
ficiently  accurate  to  use  to  determine  aspect  angles.  The  use  of  an 
attitude  sensor,  to  be  carried  onboard  the  aircraft,  in  conj'incti  h  with 
a  telemetry  sys  <em  will  provide  real-time  data  on  heading,  pitch,  uand  roll. 
This  data  can  be  recorded  at  the  same  time  *\u  spectral  scans  are  being 
made.  Th. ,  uata;  and  the  pedestal  data  can  then  be  reduced  to  determine  the 


two  aspect  angles: 


azimuth  and 


elevation. 


As  the  experiment  becomes  more  difficult  to  perform,  the  equipment 
used  becomes  more  complex  and  sophisticated.  In  proceeding  to  ground-to- 
air  measurements,  a  plethora  of  problems  associated  with  keeping  the  air¬ 
craft  stable  during  the  measuring  period  enters  the  picture.  Fewer  errors 
result  during  hovering  than  during  fly-by;  in  either  case,  the  errors  in¬ 
volved  must  be  carefully  examined. 

Instrumentation  required  then  consists  of  a  spectrometer,  boresight 
camera,  optical  tracking  scope,  or  other  means  of  tracking  the  aircraft, 
a  T*ange  radar,  and  an  attitude  sensing  device  for  the  aircraft  and  associ¬ 
ated  electronic  and  recording  equipment.  There  may  be  other  instruments 
involved  in  specific  tests.  These  will  be  dealt  with  in  a  later  chapter. 
Hover  Tests 

Since  the  purpose  of  a  hover  test  is  to  determine  the  amount  of  radia¬ 
tion  emanating  from  the  aircraft  at  the  actual  power  levels  to  be  used  in 
the  field,  the  general  test  description  is  on  the  same  order  as  for  the 
ground-to-ground  tests.  The  aircraft  should  be  hovering  over  a  point  some 
distance  from  the  test  instrument ,  perhaps  as  much  as  ten  meters  above  the 
ground,  depending  upon  the  instrument's  field  of  view.  The  aircraft  should 
move  radially  about  the  target  point,  hovering  15-degree  increments. 

If  possible,  an  absolute  means  for  determining  range  a^d  aspect  angles 
should  be  used.  Range  radar  may  be  used  for  the  range  determinations,  but 
aspect  angle  determinations  require  more  ingenuity.  A  variety  of  hovering 
altitudes  should  be  chosen,  as  10,  50,  and  100  meters. 
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Fly-By  Tests 

A  fly-by  should  incorporate  the  actual  ranges  from  infrared  instru- 

* 

ments  which  might  be  expected  to  be  encountered  in  the  field, 'which  in- 

i 

eludes  the  normal  operating  altitudes  of  the  aircraft  and  normally  ex- 

f 

jpected  ranges.  The  flight  pattern  should  incorporate  the  possibility  of 

i 

viewing  the  aircraft  from  as  many  aspect  angles  as  possible , 

Altitude  -  A  normal  test  would  use  numerous  fly-bys,  each 

I  !  ,  , 

sequence  run  at  a  different  altitude,,  say -100,  500,  and  1000  meters  above 

i 

the  test  site. 

Range  -  Off-sets  varying  from  0.5  to  10.0  km,  depending  on  the  , 
brightness  of  the  source  and  visibility,  should  be'  conducted,  probably 

i 

in  steps  of  1  km. 

t 

Flight-Patterns  -  A  grid  pattern  should  be -established  on  the 

l 

ground  showing  the  expected  flight  patterns,  headings,  and  trajectories 
of  the  aircraft.  This  should  incorporate  flying  over  the  test  site  at  the 
various  aspect  angles.  A  grid  pattern ’is  shown  in  figure  h-13. 


I 
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Depending  upon  the  projected  use  of  the  aircraft,  tests  run  at  dif¬ 
ferent  times  of  the  day  or  night  may  prove  a  source  of  valuable  informa¬ 
tion.  If  sufficient  correlation  exists  between  data  gathered  from  hovering 
and  fly-by  experiments,  extensive  fly-by  tests  may  prove  to  be  unnecessary. 
Since  there  is  much  better  control  of  the  pertinent  variables  in  a  hover 
test,,  a  hoyer  test  is  preferable  if  it  alone  can  provide  the  desired  in¬ 
formation. 

AIR-TO-AIR 

From  the  above  discussion  it  can  be  seen  that  air-to-air  measure¬ 
ments  are  rampant  with  complexities  not  found  in  other  measuring  modes. 

The  biggest  difficulty  is  associated  with  moving  all,  or  most,  of  the 
measuring  apparatus  into  an  airborne  vehicle.  Once  instrumentation  prob¬ 
lems  are  solved,  measurement  techniques  are  straight-forward  and  follow 
the  preceding  procedures. 

SUMMARY 

The  type  of  te3t  to  be  conducted  depends  upon  the  objectives  of  the 
specific  program.  The  data  required  determines  whether  ground-to-ground, 
ground-to-air,  or  air-to-air  measurements  are  to  be  performed.  The  dis¬ 
cussions  in  this  chapter  point  out,  however,  that  spectral  measurements 
are  mandatory  to  meaningfully  describe  the  radiation  characteristics  of 
the  target.  Once  the  target  spectral  characteristics  are  known,  the  data 
can  be  applied  to  other  areas.' 


The  objectives  of  the  specific  program  also  influence  the  aspect 
angles  at  which  data  is  to  be  obtained;  for  instance,  ground-to-air 
measurements  are  best  for  obtaining  data  of  the  lower  hemisphere  of  an 
aircraft.  The  specific  aspect  angles  that  will  sufficiently  describe 
the  lower  hemisphere  depend  upon- the  type  of  aircraft.  The  test 
decided  upon  should  be  as  simple  as  possible,  consistent  with  the  gather- 
ing  of  all  pertinent  information.  The  test  should  be  thoroughly  analyzed 
to  obtain  good,  meaningful  data  and  to  avoid  extraneous  data. 


CHAPTER  V 


INSTRUMENTATION 


The  instruments  required  for  a  test  depend  upon  the  level  of  sophis¬ 
tication  of  the  test*  The  plan  here  is  to  sketch  the  methods  which  might 
be  used  to  determine  the  parameters  necessary  for  a  measurement  and  then 
describe  a  variety  of  instruments  and  related  accessories  which  fulfill 
these  functions.  The  parameters  which  must  be  measured  are  those  men¬ 
tioned  in  Chapter  IV,  Instruments  to  measure  these  parameters  Include: 
Trackers  and  Pedestals 
Attitude  Sensors 
Missile  Seekers 
Meteorological  Devices 
Range  Radar 
Optical  Instruments 
Boresight  Cameras 
Imaging  Systems 
Spectrometers 
Interferometers 

Instruments  used  to  measure  the  amount  of  infrared  radiation  incident 
upon  some  surface  consist  of  radiometers,  spectrometers,  and  lnterferome- 
ters.  The  literature  on  radiometers  Is  quite  extensive,  consequently 
their  design  and  function  will  not  be  dealt  with  in  this  chapter, 
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A  spectrometer  would,  normally  consist  of  four  main  sections:  a 
source  of  infrared  radiation;  optics  for  collecting  and  focusing  this 
radiation;  a  monochromator  for  dispersing  and  selecting  a  particular 
band  of  wavelengths;  and  a  detection  mechanism  for  detecting- the  in¬ 
frared  radiation  and  producing  a  record.  The  source  of  infrared 
radiation,  external  to  the  measuring  or  detecting  apparatus,  will 
be  known  as  the  target. 

Sources 

Sources  which  may  be  used  in  calibration  will  include  NBS  trace¬ 
able  blackbodies  and  lamps  such  as  mercury  xenon,  tungsten,  and,  per¬ 
haps,  as  a  means  of  secondary  calibration,  controlled  globar  sources . 

The  infrared  emission  spectrum  of  a  typical  xenon  lamp  whose  emission 
lines  can  b.e  used  for  wavelength  calibration  is  shown  in  figures  5-1 
and  5-2. 

The  globar  is  a  rod  of  bonded:  silicon  carbide  which,  can  be  opera¬ 
ted  at  temperatures  up  to  1500°C.  It  is  important  as  a  high-temperature 
standard  because  blackbodies  of  a  cavity-type  are  difficult  to  fabricate 
beyond  1000°C.  If  the  globar,  which  emits  like-  k  graybody,  is  to  cbe 
used  as  a  reference  source,  there  must  be  some  means  of  accurately 
monitoring  and  controlling  its  temperature.  The  emissivity  of  globars 
has  been  measured  in  the  0.5  to  15  »m  region;  the  emissivity  is  about 
80  percent  in  this  region.  Although  the  Nernst  glower  is  widely  used 
for  relative  measurements ,  it  is  not  recommended  as  a  standard  source 
because  of  the  unstable  nature  of  ifs  emission. 
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Infrared  Emission  from  Xenon  Lamp.  (Emission  Lines  given  in  Micrometers) 


Cavity-type  blackbody  sources  are  used  extensively  as  standard 
reference  sources,  both  externally  and  internally,  within  spectrometers 
and  radiometers.  Cavity-type  sources  are  made  from  steel,  copper, 
aluminum,  and  ceramic  materials  usually  blackened  by  oxidation  or  by 
carbon  black.  The  different  shapes  of  cavities  used  are  conical,  cylin¬ 
drical,  and  double-reversed  conical,  A  heating  coil  of  nichrome  wire 
surrounds  the  cavity  which,  in  turn,  is  embedded  in  a  thermally  insulated 
enclosure,  A  transparent  window  in  the  front  of  the  cavity  prevents 
convection  currents  from  altering  the  temperature.  The  cavity  tempera¬ 
ture  is  monitored  by  a  thermistor,  or  thermocouple,  embedded  within  the 
cavity,  and  a  separate  controller  is  generally  used  to  maintain  a  con¬ 
stant  temperature.  Some  blackbody  sources  have  an  aperture  plate  in 
front  of  the  cavity  to  vary  the  effective  area  of  the  source,  A  chopper 
blade  is  sometimes  incorporated  to  modulate  the  radiation,  A  properly 
designed  cavity-type  source  will  very  closely  approach  an  ideal  black¬ 
body  source  in  temperature  ranges  from  ambient  to  1000°C,  Special 
blackbodies  are  available  that  operate  to  a  temperature  of  3000°C. 

A  laser,  such  as  the  C02  laser,  may  also  be  used  as  a  source  of 
infrared  radiation  provided  it  operates  in  the  required  region.  High 
power  lasers  may  be  quite  beneficial  when  mak.ng  calibrations  over  long 
distances.  The  problem  with  lasers  is  that  they  provide  a  check  of  the 
calibration  at  only  one  wavelength,  whereas  a  blackbody  provides  a  cali¬ 
bration  over  all  wavelengths  in  the  infrared. 
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All  infrared  systems  incorporate  an  optical  section  for  collecting 
the  incident  radiation  and  focusing  it  upon  the  detector.  The  optics 
provide  a  means  for  varying  the  amount  of  radiation  collected  by  the 
instrument  and  determining  a  f  ield-of-view, 

FIELD-OF-VIEW,  The  true  f ield-of-view  of  an  optical  system  is  the 
area  of  the  target  that  can  be  imaged  on  the  detector.  The  field-of- 
view  is  generally  expressed  as  angular  f ield-of-view,  either  a  linear 
or  solid  angle.  The  angular  f ield-of-view  is  the  angle  formed  by  the 
two  extreme  principal  rays  which  can  be  Imaged  on  the  detector. 

The  f ield-of-view  of  the  instrument  is  determined  not  only  by  the 
relative  size  of  the  collecting  optics,  but  also  by  any  limits  placed 
on  the  light  rays  before  they  strike  the  detector.  Field  stops,  aper¬ 
ture  stops,  size  of  the  detector,  and  exit  and  entrance  slits  all  may 
affect  the  field-of-viev,  The  true  £ield-of--view  of  the  instrument  can  , 
be  determined  by  imaging  a  target  at  the  edge  of  the  field  and  then  tra¬ 
versing  the  instrument  until  the  target  is  at  the  opposite  edge  of  the 
field.  The  angular  displacement  of  the  instrument  (or  the  target)  is 
then  the  angular  horizontal  f ield-of-view  expressed  in  milliradians. 

The  f ield-of-view  of  an  instrument  is  sometimes  given  in  terms  of  a  solid 
angle.  For  snail  angles,  the  solid  angle  is  the  area  divided  by  the 
distance  squared,  and  the  value  (in  steradians)  is  twice  the  linear  field- 
of-view  for  a  symmetrical  f ield-of-view, 

The  f ield-of-view  of  an  optical  system  is  proportional  to  the  size 
of  the  detector  and  inversely  proportional  to  the  image  distance,  giv an 
by  the  usual  mirror  equation 


(9 


(5>1) 


where 

f  ■  focal  length 
s  *  target  distance 
s'  *  image  distance 


Object 


Figure  5-3-  Relation  Between  Object,  Image,  and  Focal  Distances 
for  Mirrors. 


The  mirror  equation  may  also  be  written  in  the  Newtonian  fora 
f2  -  x  x’  (5-2) 

where  x  and  x'  are  again  object  and  image  distances,  but  measured  from 
the  focal  rather  than  the  principal  point,  Thus  s  *  f  +  x,  and  s’  »  f  +  x'» 
The  field -of -view  is  increased  when  the  focal  length  is  decreased,  A 
compromise  is  usually  made  between  focal  length  and  field-of-view  in  the 
design  of  optical  systems. 
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SPEED.  The  speed  of  an  optical  system  is  the  collecting  power  of  a 
system  and  indicates  the  Image  brightness ,  The  speed  is  proportional  to 
the  area  of  the  objective  lens  and  inversely  proportional  to  the  square 
of  the  focal  length, 

F/NUMBER,  The  ratio  of  the  equivalent  focal  length  to  the  diameter 
of  the  collecting  optics,  the  f/nuraber,  is  used  to  describe  the  amount 


of  radiant  flux  collected  by  the  optical  system, 
f/no  =  f/D_ 


(5-3) 


The  effective  or  equivalent  focal  length  of  a  multi-element  lens  system 
is  the  focal  length  of  a  single  element  system  which  would  image  the 
incident  rays  at  the  same  point  as  the  actual  optics.  The  smaller  the 
f/number,  the  larger  the  lens  diameter,  or  aperture  stop,  for  a  given 
focal  length  and  the  greater  the  light-gathering  power,  or  speed,  of 
the  lens. 

STOPS .  A  stop  is  an  optical  component  that  limits  the  radiation 
passing  through  a  system.  Stops  are  classified  as  either  aperture  stops 
or  field  stops,  depending  uoon  their  location  in  the  optical  system. 
Aperture  stops  are  located  in  the  objective,  or  collecting,  section  and 
limit  the  amount  of  energy  that  can  be  collected;  field  stops  are  lo¬ 
cated  near  the  image  plane  and  limit  the  f ield-of-view, 

The  f ield-of-view  should  be  large  enough  to  ccapletely  "see”  the 
infrared  emission  from  the  target,  For  example,  in  the  case  of  an  air¬ 
craft  with  twin  engines,  the  field-of-view  of  the  instrument  should  be 
large  enough  to  include  both  exhausts  while  the  aircraft  remains  within 
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reasonable  distances  from  the  detector  but  small  enough  to  provide  good 
sensitivity  and  eliminate  unnecessary  background  noise.  A  variable  field- 
of-view  utilizing  selected  field  stops  provides  a  reasonable  solution. 

OPTICAL  SYSTEMS.  For  our  purposes  tne  largest  light-gathering  power 

for  the  system  which  can  be  achieved  within  a  minimum  space  is  required. 

The  lens  itself  should  be  the  limiting  aperture  stop,  but  will  require 

a  provision  for  the  inclusion  of  selected  field  stops,  since  many  differe\t 

targets  will  be  measured  over  different  ranges.  Thus,  a  variable  field- 

of-view  should  be  included  within  the  optics  of  the  system.  For  a  .given 

focal  length,  the  smallest  f /number  and  thus  the  largest  speed  of  a  system 

1 

can  be  obtained  by  using  a  folded  pathlength.  The  Cassegrainian  system 
achieves  this  with  the  minimum  amount  of  aberration  and  blur. 

Different  combinations  of  optical  components,  both  refractive  and 

i 

reflective,  are  shown  m  figure  5-**.  The  selection  of  a  combination  de¬ 
pends  on  the  particular  requirements  of  the  system.  The  use  of  reflec-  i 
tive  optics  is  preferred;  however,  the  nature  of  the  system  may  dictate 
the  use  of  refractive  components ,  but  the  user  should  be  aware  that  al¬ 
though  such  components  can  be  obtained  easily,  they  are  more  costly 
them  reflective  compojients.  Imaging  systems  require  freedom  from  aber¬ 
rations;  therefore,  a  Schmidt-Cassegrain  or  Maksutov  system  probably 
would  be  used.  Size  and  weight  are  considerations  in  field  and  airborne 
equipment.  The  field-of-view  required  is  important  in  most  systems; 
in  some,  it  must  be  variable.  The  position  of  the  detector  or  source 
is  quite  often  critical. 
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TYPE 


RAY  DIAGRAM 


OPTICAL 

ELEMENTS 


PERTINENT  DESIGN 
CHARACTERISTICS 


PARABOLOID 


CASSEGRAIN 


GREGORIAN 


NEWTONIAN 


HERSCHELIAN 


SCHMIDT 


Rsflsctlv* 


M.  *  Paraboloidal 
mirror 


Rsflsctivs 


Mp  s  Paraboloidal 
mirror 


1.  Fr«t  from  sphsrieot  obarration. 

2.  Suffers  from  off-axis  coma. 

3.  Available  in  small  and  largo  diomators 
end  f/numbart. 

4.  Low  1R  lots  (Reflective). 

5.  Detector  mutt  be  located  in  front 
of  optics. 


1.  Free  from  sphericol  aberration. 

2.  Shorter  thon  Gregorian. 

3.  Permits  location  of  detector 
behind  optical  system. 


Ms  s  Hyperboloidal  4.  Guile  extensively  used, 
mirror 


Reflective  I.  Free  from  spherical  aberration. 

2.  Longer  than  Cassegrain. 

Ap  i  Paraboloidal  3.  Permits  locotion  of  detector 
mirror  behind  optical  system. 


4.  Gregorian  lets  common  than 
Cassegrain. 


1.  Suffers  from  off -axis  como. 

2.  Central  obstruction  by  prism 


or  mirror. 


4.  :  Eiiipioidal 
mirror 


Reflective 


M.  -  Paraboloidal 
v  mirror 


M,  *  Reflecting 
prism  or  pksrrs 
mirror 


Reflective  I.  Not  widely  used  now. 

2.  No  central  obstruction  by 
auxilary  lens. 

M_  a  Paraboloidal  3.  Simple  construction, 
mirror  inclined  „  _  . 

gxlt  4.  Suffers  from  some  como. 


Reflective  - 
refractive 


Me  *  Spherical 
9  mirror 


*  Refractive 
8  corrector 


1.  Produces  o  curved  field. 

2.  Free  of  spherical  aberration  and  coma. 

3.  Central  obstruction  by  its  own 
field  surface. 

4.  Can  obtain  low  f /number. 

5.  Sharper  focus  over  larger  area 
than  paraboloid. 

6.  May  be  built  os  solid  unit. 


Figure  5  -  4a.  Optical  Systems. 
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TYPE 


KEPLERIAN 


RAY  DIAGRAM 

.p  Li 


OPTICAL  PERTINENT  DESIGN 

ELEMENTS  CHARACTERISTICS 

Refror.tlve  I.  Rodlotion  gathiring  power  lot 

than  reflection  systems. 

L*  =  Biconvex  lent  2.  Spictral  response  limited  by  lent 
material. 

Lp  •  Biconvex  len$ 

3  Not  widely  uied  now. 


SCHMIDT-  Axis 
CASSEGRAIN  I  -  -  -- 
OR  BAKER 


Reflective  -  I.  Produces  flat  field. 

Mp  =  Aspheric  mirror  2,  ver y  short  in  length. 

MS  =  Aspheric  mirror  y  Coyer#  ,0rg,  fje)d 
Up  =  Refractive 

corrector  plate  A-  Corrector  plate  has  larger  curvature 
than  Schmidt. 


Refractive  - 
reflective 

1.  Suitable  for  IR  source  systems 

2.  Free  of  sphericol  aberration  coma. 

Mp  ;  Spherical 

3.  Most  suitable  for  small  apertures. 

refractor 

4.  Covers  small  angulor  field. 

Ms  *  Spherical 
reflector 

5.  Uses  spherical  surfoces. 

Refractive  - 

1  Free  of  sohericol  aberrotion,  coma, 

reflective 

and  chromation. 

Mp  :  Meniycus 
reflector 

2.  Very  compact. 

3.  Uarge  relative  aperture. 

Ms  :  Meniscus 

refractor- 

4.  May  also  use  combination  of 

reflector 

sphericol  and  osphoric  elements. 

Refractive  - 
reflective 

1.  High  aperature  system. 

Mp  =  Spherical 
reflector 

2.  Has  mean  correction  of  spherical 
aberration  and  coma. 

Ms  :  Spherical 

3.  Suitable  for  IR  source  systems. 

refractor - 

plane 

reflector 

Refractive 

1.  Free  of  spherical  aberration. 

2  Inherently  lighter  weight. 

Up  :  Special 

3.  Small  oxial  space. 

fresnel  lens 

4.  Small  thickness  rtduces  infrared 

absorption. 

5.  Difficult  to  produce  with  present 

Infrared  transmitting  materials, 

Figure  5 -4b.  Optical  Systems  (Additional), 


Reflective  components  have  the  advantage  that  they  can  be  combined  to 
make  an  overall  shorter  system  and  provide  some  degree  of  correction 
for  aberrations,,  Reflective  systems  are  more  tempered.;-, re  sensitive  and 
more  difficult  to  mount  and  align  than  refractive  s^-t^ms*  Refractive 
systems  have  the  advantage  that  there  is  no  obscur.'.’.  on  of  the  field- 
of-view*  The  main  disadvantage  of  refractive  sysf  ;.t  is  the  loss  of 
energy  through  absorption  in  the  components  and  re‘ iections  at  optical 
surfaces*  In  the  infrared*  the  cost  and  delicac.  f  refractive  optics 
makes  them  prohibitive*  and  reflective  optics  are  to  be  preferred* 

To  obtain  a  large  signaL-to-noise  ratio  of  a  photo-conductive  de¬ 
tector  and  increase  the  optical  range,  a  large  aperture  and  a  short 
focal  length  must  be  used*  However,  the  quality  of  the  image  is  reduced 
as  the  aperture  size  is  increased  and  the  focal  length  decreased*  Many 
systems  employ  a  small  angular  instantaneous  f ,teld~of -view  and  a  low 
f /number  and,  by  some  means  of  scanning,  t-.  averse  this  small  field  over 
a  wider  angle. 

Monochromator 

The  monochromator  contain*  an  active  element  which  disperses,  or 
breaks  up,  the  beam  of  radiation  into  a  continuous  band  of  radiation,, 
which  is  then  either  scanned  across  an  aperture  or  the  detector  *  The 
active  element  used  can  be  a  prism,  a  grating,  or  a  Circular  Variable 
Filter  (CVF) * 

PRISMS.  A  prism  is  a  transparent  optical  component  with  two 
highly  polished  surfaces  inclined  towards  each  other*  The  deviation 
produced  by  a  prism  on  an  incident  ray  (figure  -  )  will  vary  with  the 


angle  of  Incidence  and  the  wavelength  of  the  radiation.  By  rotating 
the  prism,  the  dispersed  rays  can  be  directed  toward  the  detector  or 
exit  aperture.  Common  prism  materials  are  NaCl,  KBr,  CsBr,  L1F,  and 
quartz. 


Figure  5- 5-  Deviation  of  a  Ray  Through  a  Prism. 


If  a  prism  Is  to  be  used  in  a  spectrometric  application,  it  is 
necessary  to  determine  its  resolution  and  resolving  power-two  speci¬ 
fications  determine  how  accurately  two  very  close  spectral  lines  can 
be  measured.  The  Rayleigh  criterion  for  resolution,  as  shown  in  fig¬ 
ure  5-6,  is  the  standard  adopted,  The  problem  of  determining  the 
resolution  is  to  determine  the  change  in  deviation  angle  for  a  small 
change  in  wavelength,  i,e„,  the  dispersion.  The  resolving  power 
equals  the  effective  thickness  of  the  prism  times  the  dinpersior,  nf 
the  prism  material. 
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l«, _  Resolution  (A A) 


Figure  5-6 .  Rayleigh  Criterion  for  Resolution. 


GRATINGS ,  A  grating  consists  of  a  large  number  of  small  equally- 
sized,  equally-spaced  slits,  with  each  slit  causing  a  diffraction  pattern 

The  waves  from  the  individual  aiits  interfere,  and  a  combined  inter¬ 
ference  diffraction  pattern  is  formed.  The  grating  equation  which 
gives  the  location  of  the  maximum  of  each  diffraction  is 

d(sin  6  +  sin  0')  «  nX  (5-1*) 

where 


d  «  slit  separation 
0  *  angle  of  incidence 
0*  «  angle  of  diffraction 
n  *  the  order  of  the  spectrum 

The  dispersion  of  a  grating  is  proportional  to  the  order  (the  value  of  n) 
of  the  spectrum.  High  orders  provide  greater  spectral  dispersion,  al¬ 
though  at  a  lower  intensity. 
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Gratings  present  a  problem  oi'  overlapping  of  orders.  It  can  be  n 

from  the  grating  equation  that  all  spectral  lines  with  the  same  value 
of  n  are  diffracted  to  the  same  point  in  the  image  plane.  The  2pm  radii- 
tion  from  the  first  order  will  overlap  the  lpra  second-order  radiation, 
and  similarly  remaining  orders  will  contribute,  Thus,  only  one  order 
must  be  allowed  to  reach  the  detector,  which  is  achieved  by  filtering 
the  radiation  before  it  reaches  the  detector,  thus  eliminating  the  lower 
wavelengths  from  the  spectrum.  The  intensity  of  a  particular  order  can 
be  enhanced  by  '’blazing"  the  grating,  cutting  the  grooves  at  an  angle, 
so  that  the  grating  reflects  light  to  a  particular  order*  The  angular 
dispersion  of  a  grating  is  given  by 

-  (n/d  cos  0’)  (5-5) 

and  the  resolving  power,  which  is  used  to  normellze  wavelength  effects, 
is  given  as 

£  -  ”»  (5-6) 

The  resolving  power  is  just  equal  to  the  number  of  lines  (N)  in 
the  grating  times  the  order  so  that  gratings  with  many  lines  used  in 
a  high  order  have  high  resolving  power, 

CIRCULAR  VARIABLE  FILTERS,  The  recent  advances  in  the  technology 
of  thin  films  led  to  the  production  of  interference  filters  for  the 
Infrared  region.  These  are  produced  oy  the  deposition  of  very  thin  films 
of  a  dielectric  material  on  a  transmitting  substrate,  such  as  germanium, 
silicon,  Irtran,  and  salt  crystals.  By  a  suitable  choice  of  substrate 
and  deposition  material,  varying  the  thickness  of  the  dielectric  layer 
allows  h  filter  for  any  portion  of  the  infrared  to  be  constructed. 
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The  circular  variable  filter  is  merely  a  thin-film  interference 
filter  whose  thickness  varies  linearly  about  a  circular  substrate.  If 
the  thickness  at  the  beginning  of  the  filter  is  t,  then  it  is  varied 
linearly  until  it  reaches  2t  at  some  other  point  of  the  circular  segment. 
The  CVF's  can  be  obtained  in  either  90- ,  180-,  i>r  5bO-degree  segments. 
Since  the  rate  of  change  of  film  thickness  with  angle  of  rotation  is  con¬ 
stant,  the  wavelength  transmitted  is  a  linear  function  of  this  angle. 

The  transmittance  of  a  CVF  varies  with  wavelength,  but  is  usually  in  the 
range  from  30  to  60  percent.  The  resolution  of  the  filter  can  be  varied, 
but  the  usual  resolution  achieved  is  in  the  range  of  1  to  4  percent  of 
the  spectral  region  covered  by  the  CVF,  The  range  of  wavelengths  covered 
by  commercial  CVF's  is  from  1,3  to  15  pm,  but  they  have  been  constructed 
for  the  entire  infrared  region  from  0,4  to  25  pm.  Each  sector,  or  seg¬ 
ment,  covers  only  a  2i 1  wavelength  ratio  corresponding  to  the  same  varia¬ 
tion  in  film  thickness.  Thus,  if  the  minimum  wavelength  transmitted  is 
2  pm,  the  maximum  would  be  4  pm,  Combinations  of  either  90-or  180-de¬ 
gree  segments  are  possible  to  extend  the  range  of  one  CVF  wheel. 

The  use  of  the  circular  variable  filter,  rather  than  prisms  or 
gratings,  means  that  the  active  medium  is  not  an  integral  component  of 
the  optical  path.  Therefore,  the  spectrometer  design  can  be  greatly 
simplified  resulting  in  a  mobile,  compact  system,  A  CVF  spectrometer, 
designed  by  G.C,  Pinentel,  has  been  used  on  long-range  space  missions 
to  obtain  ir  spectra  of  planets,  The  problem  of  alignment  is  not  se¬ 
rious,  Thus,  the  CVF  lends  itself  readily  to  field  and  airborne  use. 

One  drawback  to  the  use  of  the  CVF  is  the  low  resolution  achieved,  but 
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as  technology  increases,  perhaps  this  will  improve  somewhat,  The  spec¬ 
tral  characteristics  of  any  interference  filter  vary  with  changes  in 
filter  temperature,  so  the  design  of  systems  to  be  used  in  the  field 
should  provide  a  method  for  temperature  control.  The  angle  of  incidence t 
and  the  width  of  the  beam  as  it  is  incident  upon  the  CVF ,  also  affect 
the  performance  and  resolution  of  the  CVF, 

The  design  of  a  circular  variable  filter  wedge  spectrometer  re¬ 
quires  the  CVF  to  be  placed  at  a  focal  point  of  the  optics  for  best  re¬ 
solution,  Similarly,  the  field  stop  and  the  detector  will  also  be  placed 
at  focal  points.  This  necessitates  a  system  design  involving  either  re¬ 
lay  lenses  or  transfer  mirrors  (figure  5-7), 

SUMMARY  OF  DISPERSIVE  ELEMENTS,  Three  elements,  each  using  differ¬ 
ent  dispersion  techniques,  have  been  investigated*  prisms,  gratings,  and 
CVF  *  s ,  Of  these,  prisms  are  too  fragile  and  expensive  for  field  use. 
Gratings  achieve  the  be3t  .resolution  and  are  not  affected  by  changes  in 
humidity,  but  since  they  form  part  of  the  optical  path,  they  must  be  in 
constant  alignment  and  thus  present  problems  in  field  and  airborne  use, 
(These  difficulties  may  be  overcome  by  rigid  mechanical  mountings,  but 
this  area  must  be  further  developed,)  The  circular  variable  filter  may 
be  the  best  compromise  considering  ease  of  maintenance,  mobility,  and 
its  ability  to  withstand  field  use,  if  low  resolution  can  be  tolerated, 
RAPID  SCAN  INSTRUMENTS 

The  measurement  of  transient  targets  requires  that  the  time  over 
which  the  measurement  is  performed  be  shorter  than  the  time  of  large 
fluctuations  in  the  source  intensity.  For  spectrometers,  this  means 
that  a  spectral  scan  oust  be  completed  while  the  radiant  exitance  of 
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gure  5-7.  CVF  Spectrometer  Optica!  Diagram 


the  target  is  constant,  which  requires  complete  scans  in  the  order  of 
milliseconds . 

FOURIER  TRANSFORM  SPECTROMETERS 

'n  addition  to  radiometers  and  dispersive  spectrometers  as  detect¬ 
ing  instruments  for  infrared,  recently  an  analogue  from  the  optical 
portion  of  the  spectrum,  the  interferometer,  has  been  added.  In  the 
dispersion  spectrometer ,  polychrrmutic  radiation  is  dispersed  within 
the  monochromator.  Each  individual  resolution  element  of  the  radia¬ 
tion  then  measured  for  intensity,  and  the  resuit  is  a  spectrum,  or 
plot,  of  intensity  versus  frequency.  The  Fourier  transform  spectrometer, 
on  the  other  hand,  uses  the  moving  mirror  ci  an  interferometer  to  pro¬ 
duce  an  optical  transform  of  the  incoming  infrared  signal.  The  radia¬ 
tion  at  high  infrared  frequencies  is  heterodyned  to  produce  low  audio 
frequency  signals.  The  output  of  the  interlerometer  is  an  interiero- 
gram  which  contains  the  spectral  information  in  a  multiplex  form. 

The  incoming  signal  and  the  interferogram  are  complementary  and 
constitute  a  Fourier  pair,  l.c-.,  by  periorming  a  suitable  Fourier  trans¬ 
formation,  the  spectrum  can  be  extracted  from  the  interferogram. 

The  Fourier  transform  spectrometer  offers  distinct  advantages  ever 
the  dispersion  spectrometer.  In  the  dispersion  spectrometer,  since  each 
individual  resolution  element  must  be  measured  separately,  the  time 
spent  on  one  measurement  is  a  small  fraction  of  the  total  time  required 
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to  scan  the  spectrum «  If  there  are  M  resolution  elements  and  the  time 
required  to  scan  the  entire  spectrum  is  T,  the  intensity  of  each  element 
is  measured  for  only  a  fraction  T/M,  The  strength,  or  intensity,  of  the 
element  is  directly  proportional  to  the  length  of  time  the  detector  ob¬ 
serves  it,  vhereas  noiser  being  random,  is  proportional  to  the  square 

root  of  the  observation  time,  The  S/N  ratio  of  the  dispersion  spee- 

1/2 

trometer,  theoretically,  Is  th-sn  proportional  to  (T/M)  '  0  The  Fourier 
transform  spectrometer,  on  the  other  hand,  simultaneously  measures  all 
of  the  radiation  components  incident  upon  the  detector  so  that  all  com¬ 
ponents  of  the  radiation  are  observed  throughout  the  operating  cycle 
of  the  instrument.  Since  the  detector  of  the  interferometer  sees  all 

resolution  elements  throughout  the  entire  scan  time,  the  S/N  ratio  for 

1/2 

the  interferometer  is  proportional  to  T  ,  The  interferometer  thus 

1/2 

has  a  higher  S/N  ratio  by  a  factor  of  M  ,  This  improvement,  called 
"Fellgett’s  Advantage,"  can  be  quite  large  under  conditions  of  high 
resolution.  This  advantage  in  S/N  ratio  c»u  be  used  to  trade  resolu¬ 
tion  for  rapid  response,  A  spectrum  can  be  measured  with  a  Fourier 
transform  spectrometer  in  the  same  time  as  with  a  conventional  spec¬ 
trometer,  but  at  a  higher  S/N  ratio,  or  conversely,  with  the  same  S/N 
ratio  but  in  a  much  shorter  scan  time. 

The  second  advantage  of  the  interferometer  is  that  in  the  disper¬ 
sion  spectrometer  the  radiation  beam  entering  the  monochromator  must 
be  defined  by  narrow  slits,  limiting  the  amount  of  radiation  entering 
the  instrument  and  reaching  the  detector.  These  entrance  slits,  not 
required  within  the  interferometer,  greatly  increase  the  light  gath¬ 
ering  capability  of  the  interferometer  spectrometer. 
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Disadvantages  of  the  interferometric  method  are  susceptibility  of 
the  instrument  to  vibration  and  consequent  interference  with  the  signal* 
The  mounting  platform  must  be  quite  rigid*  This  does  not  present  prob¬ 
lems  in  the  Laboratory,  but  is  difficult  to  obtain  in  practice  in  the 
field*  Secondly,  because  the  spectrum  is  not  produced  at  the  same  time 
that  it  is  scanned,  it  is  diCi  :cult  to  set  up  for  an  experiment.  The 
amount  of  data  involved  and  the  handling  are  increased  immensely*  Per¬ 
forming  the  Fourier  transforr  routinely  requires  the  use  of  a  digital 
computer,  However,  these  problems  are  not  insurmountable*  and.commercia 
interferometers  now  use  a  laser  frequency  standard  as  a  reference  to 
overcome  vibrational  interference, 

Michelson  Interferometer* 

Just  as  there  are  many  optical  layouts  for  the  conventional  *->ec- 
trometers,  there  are  various  arrangements  of  components  of  an  inter¬ 
ferometer,  The  basic  components  of  an  interferometer,  mirrors,  lenses, 
and  beamsplitters,  can  be  arranged  into  a  Michelson,  a  Fabry-Perot,  a 
triangular,  or  a  Mach-Zehnder-type  interferometer.  An  optical  sche¬ 
matic  of  each  type  is  shown  in  figure  5-8.  Because  the  Michelson 
interferometer  is  one  of  the  most  widely  used  and  simplest  to  under¬ 
stand,  its  operation  is  described  below. 

Referring  to  the  optical  diagram  of  the  Michelson  interferometer, 
(figure  5-9)  there  are  two  mirrors:  and  M2*  Mirror  is  movable, 

and  a  linear  actuator  is  responsible  for  the  movement;  mirror  M2  is 
fixed.  An  incoming  beam  of  radiation,  a,  enters  the  interferometer 
cube  and  strikes  the  beam-splitter  plate,  S,  On  its  inner  surface, 
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the  beamsplitter  plate  carries  a  semiref lecting  coatj  a  compensator 
plate  of  the  same  thickness  as  the  beam  splitter  is  located  on  the  op¬ 
posite  side  of  the  reflecting  coat*  The  incoming  ray  divides  into  two 
rays,  a^  and  a2*  at  the  semiref lecting  coat.  Each  ray  is  reflected  by 
one  of  the  mirrors  and  returned  through  the  compensator  to  the  semi- 
reflecting  coat.  At  the  beamsplitter,  rays  a^  and  are  reflected  and 


96 


.transmitted  respectively,  and  the  exiting  parallel  rays,  and  b2» 
interfere  either  constructively  or  destructively,  depending  upon  their 
relative  phases.  As  long  as  these  rays  remain  parallel,  the  wave  fronts 
remain  parallel  and  will  interfere.  The  final  beam  exits  out  of  the  op¬ 
tical  cube  and  is  directed  towards  the  detector, 

The  phase  of.  ray  a^,  with  respect  to  that  of  ray  a2»  can  be  changed 
simply  by  moving  mirror  M^,  If  mirror  moves  a  distance  x,  ray  a^ 
travels  a  distance  greater  by  2x,  and  the  intensity  of  the  resulting 
exiting  radiation  is  given  by 

I  *  I  H  [1  +  cos  { 2itv  (2x)}]  (5-7) 

I 

where 

.  I  ■  the  intensity  of  b^ 

Iq  *  intensity  of  a 

H  =  the  modulation  efficiency  (always  less  than  0,5), 
If  the  mirror  excursion  is  proportional  to  time,  the  instantaneous 
displacement  of  the  mirror  is  given  by 

x(t)  ■  kt,  (5-8) 

where 

k  is  a  constant  denoting  tne  constant  velocity  of 
mirror  travel,  then  the  intensity  transmitted  by  the  interferometer  is 


I  -  I  H  [1  +  cos  27Tv(2Kt)] 
0 


(5-9) 


The  transmission  is  thus  periodic  in  time  with  a  frequency,  f^ 

depends  upon  the  wave  number  (inverse  to  wavelength)  of  the  entering 
radiation: 

fv  c  2^K  (5-10) 
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This  relationship  shows  that  the  output  frequencies  of  the  interfer¬ 
ometer  are  related  in  an  isomorphic  manner  to  the  wave  numbers  of  the 
Incoming  radiation. 

DETECTORS 

The  final,  and  probably  the  moat  important,  part  of  the  infrared 
measuring  apparatus  is  the  detector.  There  are  many  physical  phenomena 
which  can  be  used  to  measure  the  quantity  of  infrared  radiation  incident 
upon  a  specific  receiving  area,  These  phenomena  serve  to  divide  the 
types  of  infrared  detectors  into  two  classifications;  thermal,  in  which 
the  radiation  of  any  wavelength  is  absorbed  by  a  suitable  blackened  tar¬ 
get  whose  temperature  rises  slightly,  and  quantum,  in  which  the  radia¬ 
tion  of  a  well-defined  wavelength  (electronic  transition)  is  absorbed 
by  the  material  forming  the  targets.  The  sensitive  element  (detector) 
of  the  infrared  system  is  the  heart  of  an  infrared  system,  and,  to  a 
great  extent,  determines  the  instrument's  resolution  and  discrimination 
capability. 

Detector  Characteristics 

The  quantum,  or  photon,  detector  exhibits  an  output  which  depends 
upon  the  energy  of  the  photons  incident  on  its  surface.  The  absorption 
of  photon  energy  by  a  suitably  constructed  semiconductor  material  gen¬ 
erates  a  charge  carrier  within  the  material,  causing  an  instantaneous 
change  in  resistance.  This  change  in  an  electrical  property  of  the 
material  can  then  easily  be  measured.  Photon  detectors  can  further  be 
classified  according  to  mode  of  operation: 

1,  Fhotoemissive 

2,  Photovoltaic 
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3.  FUotoconductive 

4.  Photoelec tromagnetic 

5.  Photo. luminescent 

Thermal  detectors  have  an  output  that  Is  directly  proportional  to 
the  amount  of  incident  radiation  striking  the  detector.  Because  they 
respond  to  the  density  of  photons!  they  are  nonselectlve  and  respond 
equally  well  to  all  wavelengths,  in  contrast  to  the  quantum  detectors 
which  respond  to  the  energy  of  the  photon.  Some  types  of  thermal  de¬ 
tectors,  classified  according  to  mode  of  operation  ares 

1,  Thermopiles 

2,  Thermocouples 

3,  Bolometers 
Performance 

Detectors  of  the  same  type  can  be  evaluated  only  under  conditions 
specific  for  each  detector.  The  operating  conditions  for  the  evaluation 
must  be  specified, 

Tjj-OPERATING  TEMPERATURE,  The  actual  operating  temperature  of  a 
semiconductor  detector  must  be  known,  since  the  detector’s  sensitivity 
varies  with  temperature.  The  resistance  of  the  sensitive  element  de¬ 
pends  upon  the  temperature  coefficient  of  the  detector  material, 

Tg-TQCPERATURE  OF  SOURCE,  The  temperature  of  a  blackbody  source 
must  be  known  in  order  to  specify  its  spectral  properties  due  to  the 
selective  nature  of  spectral  response, 

A^-AREA  OF  THE  DETECTOR,  The  sensitivity  of  a  detector  is  in¬ 
versely  proportional  to  the  sensitive  area  of  the  detector,  A  knowledge 
of  this  area  is  necessary  to  evaluate  the  detector. 
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^-CHOPPING  FREQUENCY,  If  the  radiation  observed  ia  modulated,  it 
i»  important  to  know  the  frequency  distribution  of  the  modulation  and  the 
bandpass  employed,  as  some  detector  characteristics  change  as  a  function 
of  the  modulation  frequency.  For  example,  the  sensitivity  of  some  de¬ 
tectors  is  enhanced  at  higher  chopping  frequencies, 

Vf-NOISE  BANDWIDTH,  The  bandwidth  of  operation  for  the  noise  fig¬ 
ure  determination, 

NEP-NOISE  EQUIVALENT  POWER,  NEP  is  the  minimum  intensity  of  radiant 
power  falling  on  the  surface  of  a  detector  that  will  give  rise  to  a  sig¬ 
nal  voltage  equal  to  the  noise  voltage  of  the  detector.  The  noise  volt¬ 
age  (Vfl)  of  any  detector  is  directly  proportional  to  its  temperature 
multiplied  by  the  square  root  of  the  noise  bandwidth  times  the  area  of 
the  detector  (Ad), 

Vn  -  T  <4£)l/2  (Ad)IV2  (5-11) 

The  NEP  of  a  detector  with  a  signal-to-noise  voltage  of  1:1  (that  is 
with  V  ,  the  rras  signal  voltage,  equal  to  V  ,  the  rms  noise  voltage)  is 

8  IX" 

given  by 

NEP(1:1)  -  E'A  ,’V  /V  (Vf)1^2  (5-1?) 

a  n  s  w 

2 

where  E  Is  the  irradiance  In  watts/cra  ,  The  smaller  the  NEP,  expressed 
2 

in  watts/cm  ,  the  higher  the  sensitivity  of  the  detector, 

* 

D^-SPECTRAL  DETECTIVITY,  Detectivity  is  a  measure  of  detector 

sensitivity, 

* 

D^,  is  an  area-independent  parameter  given  by 

D*  -  A, 1/2  /  NEP  (5-13) 

a  d 

t  -  TIME  CONSTANT,  The  speed  of  response  of  a  detector  is  referred 
to  as  the  time  constant  of  that  detector.  It  is  the  time  required  for 


1.00 


a  signal  to  decay  from  maximum  amplitude  to  1/e  of  its  peak.  The  fre¬ 
quency  response  and  the  time  constant  are  related  by 

T  -  l/2irf  (5-lb) 

where 

x  ■>  the  time  constant  in  seconds » 

f  *  the  modulating  frequency  in  hertz  at  the  point  where  the  response 
is  down  to  one-half  its  maximum  output  (3  db  point). 

Other  parameters  of  interest  concerning  detectors  are  the 

responsivity,  Rcof  the  detector  and  the  spectral  response,  R. ,  The  re- 

"  1 A 

sponsivity  is  the  response  per  unit  radiation  input,  which  relates  the 
magnitude  of  the  response  to  the  quantity  of  incident  radiation,.  The 
responsivity  quite  often  is  dependent  upon  the  bias  load  resistance  chosen 
for  the  detector;  the  spectral  response  is  merely  a  variation  of  D*  vs 
wavelength. 

DETECTOR  FIELD-OF-VIEW,  Detector  f ield-of-view  also  must  be  speci- 
fied  for  comparison  of  similar  detectors  because  D^  increases  as  the 
f ield-of-view  is  narrowed. 

The  above  parameters  are  specified  whenever  detectors  are  compared. 

A  typical  sensitivity  specification  for  a  detector  might  then  be 
D*  (3,0,  1000,  1,  30)  -  1  x  1011 

where 

■k 

3,0  *  wavelength  at  which  D^  was  measured  (micrometers) 

1000  *  chopping  frequency  (Hz) 

1  *  electronic  bandwidth  (noise  bandwidth)  (Hz) 

30  ■  f ield-of-view  of  detector  (degrees) 
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Occasionally  detector  sensitivity  is  averaged  over  the  detector  spectral 

range  of  sensitivity  rather  than  being  specified  at  a  particular  wave- 

* 

length.  This  averaged  quantity  is  referred  to  as  blackbody  D  ,  Thus, 
the  irradiating  source  for  the  sensitivity  measurement  would  he  a  black- 
body  operating  at  some  specific  temperature.  The  temperature  of  opera¬ 
tion  is  specified  rather  than  the  wavelength  of  measurement. 

Operation 

The  two  principal  tnodea  of  operation  for  quantum  detectors  are 
photovoltaic  (PV)  and  photoconductive  (PC),  The  photovoltaic  detectors 
offer  the  highest  obtainable  sensitivity  in  a  particular  spectral  region, 
but  because  it  is  easier  to  manufacture  photoconductive  detectors,  their 
use  is  more  widespread, 

PHOTOVOLTAIC  DETECTORS,  Photovoltaic  detectors  are  constructed 
from  semiconductor  materials  in  the  fern  of  PN  junctions.  When  infra¬ 
red  radiation  of  a  suitable  frequency  is  incident  upon  the  junction, 
photons  are  absorbed  by  the  material  and  an  emf  is  generated.  The  small 
voltage  developed  is  produced  by  the  intrinsic  excitation  of  hole-electron 
pairs  from  the  valence  to  the  conduction  band.  The  consequent  separation 
of  these  pairs  across  the  junction  due  to  the  internal  space  charge  (op¬ 
posing  the  internal  voltage  drop)  results  in  the  development  of  the  photo¬ 
voltage, 

PHOTOCONDUCTIVE  DETECTORS.  The  photoconductive  mode  of  operation 
depends  upon  a  marked  increase  ir.  electrical  conductivity  which  ia  ex¬ 
hibited  as  a  change  in  resistance  due  to  the  generation  of  hole-electron 
current  carriers.  The  production  of  current  carriers  can  be  either  in¬ 
trinsic,  as  in  the  case  of  photovoltaic  detectors,  or  extrinsic,  in 
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which  case  electrons  are  excited  from  or  to  impurity  levels  which  lie 
within  the  forbidden  band  of  the  seniconductor,  These  impurity  levels 
are  controlled  by  the  amount  and  character  of  doping  material  added  to 
the  semiconductor.  Thus,  it  is  relatively  easy  to  produce  new  detectors 
for  different  regions  simply  by  changing  the  dopant.  The  use  of  this 
type  of  detector  requires  a  bias  supply  as  shown  in  figure  5-10.  The 
bias  should  be  selected  to  obtain  the  highest  possible  responsivity 
consonant  with  maximum  thermal  power  dissipation  of  the  detector. 

Bias  Voltage 


^BB  C 


Figure  5-10.  Fhotcconducior  Circuit  Configuration. 


The  most  sensitive  detector  for  a  particular  spectral  region  is  not  always 
the  most  suitable,  For  example,  in  the  8-14  pm  region,  mercury-doped 
germanium  [Ge(Hg)J  has  the  highest  detectivity,  but  this  is  not  obtained 
until  the  detector  reaches  30°K  using  liquid  hydrogen  as  a  coolant.  The 
use  of  liquid  hydrogen  as  a  coolant  leaves  much  to  be  desired,  since  the 
potential  hazards  are  quite  great.  Similarly,  the  use  of  liquid  helium 
as  a  coolant  presents  operational  difficulties  in  field  use.  Thus,  for 
field  use,  a  mixed  detector  of  the  mercury-cadmiu!''-telluride  (HgCdTe) 
type  probably  should  be  used.  The  type  of  detector  to  be  used  depends 
upon  the  type  of  experiment  to  be  performed.  If  sensitivity  is  the  most 
important  criteria,  then  perhaps  the  doped  germanium  detectors  should  be 
used  with  liquid  helium  as  the  coolant. 

Today  the  most  commonly  used  detectors  are  indium  arsenide  (InAs) 
and  lead  sulfide  (PbS)  in  the  1-3  pra  region,  irdiura  antimonide  (InSb)  and 
lead  selenide  (PbSe)  in  the  3-5  pm  region,  and  HgudTe  and  Ge:Hg  in  the 
8-14  pm  region  (figure  5-11)*  All  of  these,  excoofc  the  Ge:Hg.  employ 
liquid  nitrogen  as  a  coolant,  which  is  cheap,  readily  available,  and 
easily  handled.  However,  recently  a  new  compound,  lead-tin-telluride 
(PbSnTe)  was  developed  as  detectors  in  the  8-14  pn  region.  The  PbSnTe 
detector  also  uses  liquid  nitrogen  as  a  coolant. 

Bias  Conditions 

Infrared  detectors  which  operate  in  the  photocondy  tive  mode  require 
a  set  bias  condition  in  order  to  operate  properly,  The  'pcimum  bias  con¬ 
dition  is  that  which  results  in  the  largest  output  sigual-t*'  noise  ratio 
for  a  constant  input  signal  In  order  to  determine  the  proper  bias,  a 
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Figure  5-11.  Spectral  Detectivities  of  Detect 


nc  s.-u lament  oi  the  n-ise  voltage,  V  ,  as  a  function  of  bias  current,  must 

be  carried  out  with  values  of  the  signal  voltage,  V  <  These  two  curves 

s 

are  then  plotted  as  a  function  of  the  different  bias  conditions  to  deter- 
m::e  "h'5  best  operating  S/N  ratio  Thus,  tne  optimum  bias  fc.  hat  partic¬ 
ular  uete'^o*-  is  determined  as  shown  m  figure  5-12, 

SYSTEM  SENSITIVITY 

The  s'V'Si ti v.ty  ot  an  infrared  system  including  the  optics  may  be 
obtained  1 rorn  the  usual  relations  involving  the  figures  of  merit:  Noise 
Ecu. valent  P~w<-r  (NET)  and  Noise  Equivalent  Irradianct  (NEI)  The  NEP  of 
i  -j.'rooto'-  is  g.ven  as 

A  Al 

‘  —.-7—  <5-15) 


where 


is  * h-r  area  of  tne  detector 
Aj.  is  tr.e  electronic  bandwidth 

and  D*,  ■  e  he  ^pectrai  detectivity  of  the  detector. 

The  radian?  power  t  .a, a  i-u  '.-1  1  m  the  optical  system  aperture  to  the 
detect:-.-  :s  given  by  tv-  trodu.t  0:  tre  .  rradiance  at  the  aperture ,  the 

m  ’  r  0.  m.  *  tun-'4  ,  au  i  the  optical  aperture  area  'i  he-  NEI  of  the  system 
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A  it-  the  .  ie.ir  optical  aperture  area 
..  the  system  transmittance 
is  the  response  of  the  system 
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This  gives  the  equation  for  calculating  the  sensitivity  of  the  system: 

Ad  Af 

^^•1  A  T  (  ;-  i  , 

o  o  R  D*, 

This  equation  may  be  rearranged  into  other  more  suitable  forms  The 
useful  area  of  the  detector  is  related  to  the  solid  angle  of  viewing 
(9.) .  the  system  effective  focal  length  (F),  and  the  diameter  cf  the 
collecting  optics  (D^)  by 

Ad  =  Qd  p2  =  f‘d  (f/no)2  Do  (b-ibl 


where 


=  solid  angle  of  viewing  of  the  detector 
F  =  effective  focal  length  of  the  system 
Dq  =  diameter  of  the  system  collecting  optics  (clear 
aperture) 


The  area  of  tn'1.  collecting  optics  is  given  by 

,2 


v  D 


A  = 
n 


Inserting  these  equations  yields 
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NEI  =  4f ,  no 
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A  tore;'  1  ght  camera  ;s  one  of  the  moot  important  tools  used 
t~  measure  moving  turg-.  r.  It  provides  a  direct  correlation  be¬ 
tween  the  actual  measured  data  and  the  position  of  the  target 
along  with  the  ’  ime  of  the  event  Thus,  selection  of  a  beresight 
‘■anera  is  one  ■  J  the  muortant  supporting  procedures  to  be  carried 


1.<‘  i  r  i ma ry  [  .aramoters  to  be  incorporated  : n t  c»  the  design  of 
' ■  tore.-.gn'  lamer*  de:  end  upon  the  target  to  b>>  photographed  The 
1  ••pi-  ;->.'iev  should  p:  'Vide  max. mum  tracking  ease  consistent 
viti  a  large  t,,ect  image  on  the  : :  im  'when  photographing  a  moving 
targe’,  s;  e.  d  f  the  ‘argot  .and  tne  possibility  of  ’arious  ranges  re- 
pi.r<>  a  •  t r  :••*;.  o!  f.  Im  go.ds  The  camera  should  al  Low  rapid  chains 


f-  >t.-  ’  tn  tier  mdividuil  fr.tmes,  10  frames /second,  up 

■  a  not.r.ia  -ai  it.iity  of  bd  1 1  .m:e.  /.  ec  >nd ,  either  .me  oi  pulsed, 

;  ’..i  t  <*  *•*.  .al..  High  frame- rates  require  external  mugunims  of 
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handling*  user  familiarity,  and  enlargement  requirements*  The  use  of 
film  which  responds  to  infrared  light  should  not  be  overlooked,  as  it  ' 
may  reveal  otherwise  unseen  features. 

The  camera  itself  should  provide  rapid  boresighfing,  adjustable 
shutters  and  apertures*  provision  for  inserting  filters*  and  timing 
lights  or  coding  posts  for  the  inclusion  of  auxiliary  data  on  the  film* 
Suitable  cameras  are  readily  available  from  a  variety  of  manufacturers,, 
IMAGING  SYSTEMS 

An  imaging  system  provides  a  pictorial  thermal  map  of  the  target. 

In  the  past,  these  have  been  used  to  provide  qualitative  information  to 

t 

locate  hot  spots  on  the  target. 

An  imaging  system  would  be  used  to  determine  comparative  irradiance 
contours  over  and  around  the  target  to  determine  plume  contours  and  spa¬ 
tial  extent.  Rather  than  specifying  temperatures,  the  instrument  would 
yield  "effective"  irradiance  at  the  instrument  as  the  parameter  of  meas- 
urem.nt.  The  ideal  imaging  system  would  be  spectral*  but  the  data  out¬ 
put  would  be  overwhelming,  so  a  practical  system  is,  in  essence,  merely 
a  spatially  scanning  radiometer  That  is,  the  radiometer  has  a  small 
instantaneous  f ield-of-view  to  provide  good  spatial  resolution,  which 
is  then  scanned  over  a  wide  area  to  allow  large  objects  to  be  completely 
covered 

A  total  field'of  view  of  10  x  10  degrees/frame  would  be  satisfactory. 
An  instantaneous  f ield-of -view  of  about  1  mil liradian/element  would  cover 

4 

a  frame  with  174  x  174  resolution  elements,  or  approximately  3  x  10  data 


2 

points o  This  corresponds  to  a  spatial  resolution  of  1  ft  on  a  target 
1000  feet  away  from  the  instruments 

S 

The  imaging  system  should  scan  a  frame  in  at  least  0,1  second  if 
the  radiant  exitance  of  the  target  is  to  remain  constant  over  the  time 
interval  of  a  scan.  This  means  the  use  of  photon  or  quantum  detectors 
with  time  constants  in  the  microsecond  region,  The  use  of  such  detectors 
coupled  with  logarithmic  amplifiers  should  yield  a  useful  dynamic  range 
of  four  orders  of  magnitude  in  lrradiance. 

At  present,  most  imaging  systems  provide  an  oscilloscope  display 
utilizing  brightness  contours  as  the  output  format.  This  video  picture 
then  can  be  photographed  or  recorded. 

>  The  operation  of  one  type  of  imaging  system  is  detailed  below, 

AGA  Thermovision 

The  infrared  thermovision,  responsive  to  radiation  in  the  2,0-  to 
5,4-midrometer  region,  was  developed  primarily  for  use  in  medical  re¬ 
search  Figure  s-lj  is  a  schematic  of  its  optical  unit,  Instrument 
parameters  and  character. ctitS  ares 

Detector:  1/2  nun  dia  InSb  (PV)  with  60  degree  cold  shield 
Total  Field-of-View  scanned:  5  degrees  x  5  degrees 
Number  of  lines  per  frame:  100  total 
Optical  Resolution:  100  elements/line 
1  Frame  Rate:  16  frames/second 

Thermal  Discrimination  at  room  temperature:  0,2°C, 


tR  THERMOVISION 


Figure  5 -13.  Schematic  of  Optical  Unit 


OPERATION  The  infrared  radiation  is  focused  on  the  detector 
through  an  optical  train  which  consists  of  the  following-  a  primary 
spherical  mirror,  a  secondary  plane  mirror  (tilts  or  oscillates  around 
a  horizontal  axis  at  16  cycles/second,  producing  16  f rames/second) „ 
an  octagonal  --silicon  prism  (rotating  at  200  rps  so  that  eight  lines  are 
scanned  in  each  t evolution  resulting  in  1600  lines  per  second).  small 
aperture  collimating  lenses,,  a  vertical  direction  mirror,  condensing 
lenses,  and  a  detector  The  signal  irom  the  detector  is  fed  through  an 
amplifying  system  and  displayed  on  an  oscilloscope. 

METEOROLOGICAL  INSTRUMENTS 

Various  meteorological  data  Is  requited  before  we  can  account  for 
radiation  loss  due  to  atmospheric  attenuation,.  The  barometric  pres¬ 
sure  at  the  site,  the  relative  humidity.,  and  the  temperature  ate  re¬ 
quired  in  some  special  cases.  It  also  may  be  necessary  to  record  the 
relative  wind  direction  and  speed.  The  temperature  should  be  recorded 
in  degrees  Centigrade  to  better  than  one  degree,  A  psychrometer 
should  be  used  to  determine  relative  humidity,  which  should  be.  recorded 
to  wittun  or.e  percent  Similarly  'he  atmospheric  pressure  measurements 

should  be  recorded  to  at  least  t>  ts  of  millimeters  of  mercury.  Com¬ 

mercial  instruments  for  these  measurements  are  readily  available  from 
many  sources 
COLLIMATOR 

An  off-axis  collimator  is  an  essential  part  of  the  equipment  used 
to  calibrate  test  and  align  radiometric  and  spectrometr ic  equipment 
!’he  'olltmatoi,  when  coupled  with  a  standard  reference  source,  provides 


a  laboratory  point  source  which  can  simulate  the  spectral  characteristics 
of  infrared  targets  It  can  be  used  to  check  the  response  of  missile 
seekers  and  other  detective  elements,  and  to  align  and  measure  the  field- 
of  *r lew  of  any  optical  instrument  including  spectrometers. 

An  ofi  axi:  collimator  differs  from  the  normal  collimator  in  that 
reflecting  rather  than  refracting  optics  are  used*  It  also  provides 
greater  transmission  without  obscuring  the  source.  The  collimator  con¬ 
verts  divergent  radiation  from  a  finite  extended  source  into  parallel 
radiation  seeming  to  come  from  a  point  at  infinity.  The  collimator* 
through  the  use  of  an  off-axis  paraboloidal  mirror,  produces  a  uniformly 
intense  beam  of  parallel  radiation,  The  basic  design  and  layout  of  an 
off-axis  collimator  is  shown  in  figure  5-i-! 


Radiation  from  some  source  (such  as  a  calibrated  blackbody)  enters 
the  collimator  through  one  of  a  set  of  entrance  apertures  selected  for 
the  particular  test.  The  radiation  is  directed  onto  a  plane  mirror  which 
reflects  the  beam  toward  the  concave  mirror  where  it  Is  collimated  and  re¬ 
directed  towards  the  exit  aperture, 

The  exit  aperture  of  the  collimator  should  be  large  enough  to  com¬ 
pletely  irradiate  the  optics  of  any  system  being  tested*  The  entrance 
apertures  should  offer  a  wide  selection  of  source  areas,  and  the  reso¬ 
lution  of  the  instrument  should  be  at  least  0.5  milliradian,  and  pref 
erably  better*  for  best  suitability  for  all  applications,, 

There  are  many  commercial  collimators  ,but  the  specific  type  chosen 
should  also  be  capable  of  being  modified  for  possible  future  applica¬ 
tion.  The  collimator  design  should  provide  for  modulating  the  incoming 
radiation  and  Interchanging  a  variety  of  radiation  sources 
PEDESTAL  TRACKING  SYSTEM 

The  proper  pedestal  tracking  system  for  a  specific  use  Is  one  of 
the  most  important  and  yet  one  cf  the  most  easily  neglected  Items  of 
the  Instrumentation  jnckage  used  for  measurements.  In  general,  so  many 
types  of  pedestals  are  available  that  there  is  no  problem  in  obtaining 
the  proper  type  for  a  particular  application  The  main  problem  lies  in 
specifying  the  particular  minimum  and  maximum  requirements  for  the  spe¬ 
cific  application  Once  the  system  requirements  have  been  clearly  de¬ 
fined,  an  existing  pedestal  may  be  modified  to  meet  the  specified 
requirement 

A  pedestal  that  is  tugged,  reliable,  rigid,  smooth  in  operation, 
and  capable  of  high  tracking  accuracy  is  required.  An  extremely  stiff 


pedestal  system  must  have  a  very  low  resonant  frequency,  which  is  a 
function  of  moment  of  inertia  and  stiffness*  Smooth  operation  at  low 
speeds  is  a  function  of  static  and  dynamic  friction*  Thus*  the  pri¬ 
mary  design  consideration  for  static  elements  is  high  structural  stiff¬ 
ness;  for  dynamic  elements,,  internal  rigidity  and  low  friction* 

The  important  parameters  to  be  specified  before  acquiring  a  ped¬ 
estal  Lnclude 

Instrumentation  Weight 

Pedestal  Speed  Range-Maximum  and  Minimum 

Accuracy  and  Precision 

Velocity  Constant 

Acceleration  Constant 

Elevation  Tracking  Rate 

Azimuth  Tracking  Rate 

Mechanical  Vibrations  of  the  System 

Maximum  acceptable  error  due  to  tracking  velocity  and  tracking  ac¬ 
celeration  lag, 

The  design  of  t.he  pedestal  tracking  system  must  be  based  on  the  velo¬ 
city  of  the  target,  the  ranges  of  the  expected  targets,  the  flight  pat¬ 
terns  expected,  and  “he  desired  tracking  accuracies*  The  pedestal  is 
the  usual  limiting  factor  in  obtaining  the  desired  tracking  accuracy, 

The  method  of  tracking,  whether  it  be  by  radarv  infrared,  ct  video  con¬ 
trast,  is  an  integral  part  of  the  pedestal,  but  the  mechanical  system 
involved  in  responding  to  th-  electrical  error  signal  Introduces  the 
gross  inar curac les  to  the  system  The  weights  of  the  instrumentation  and 


field -of -view  of  the  optics  influence  the  pedestal  design,,  For  our 
system*  the  spectrometer  will  provide  the  determining  criteria*  The 
following  discussion  illustrates  the  above  design  parameters* 

Our  target  is  to  be  an  aircraf t--engaged  in  a  f.ly-by  or  a  hovering 
mode- -and  we  are  \ n.ea*nr®  the  radiant  emissions  of  the  aircraft  in 
many  different  aspects,  A  sample  target  will  have 
Ranges  0  5-10  km 

Altitudes.  0-3000  m 

Velocities  0-400  knots  (0-200  m/sec) 

Assume  the  worst  condition  to  be  an  aircraft  sweeping  horizontally 
across  the  f ield-of-view  1000  meters  away  from  the  pedestal  at  400  knots. 
This  requires  that  the  pedestal  have  a  maximum  speed  of  11,7  degrees/ 
second  or  205  mill iradians/second ,  The  tracking  velocity  of  the  pedestal 
should  be  continuously  variable  up  to  at  least  25  degrees/second.  To 
determine  the  minimum  tracking  rate,  assume  an  aircraft  in  the  same 
flight  pattern*  but  at  a  range  of  10  kilometers  traveling  at  50  knots 
or  25  m/sec  This  requires  the  positioning  pedestal  to  have  a  minimum 
speed  of  0.15  i-jv-'/.  i  or  about  2.5  mr/secv  The  tracking  velocity 

of  the  pedestal  should  be  continuously  variable  from  0,05  degree/second 
to  25  degrees/ second  .Similarly  the  tracking  acceleration  of  the  ped¬ 

estal  should  be  continuously  variable  from  0  to  25  degrees/second/second. 
The  worst  tracking  condition  is  defined  by  an  object  at  a  range  of 
1000  meters  traveling  at  a  speed  of  205  m/sec,  The  spectrometer  to  be 
mounted  on  the  pedestal  has  a  £ ield -of-vlev  of  4  mr  and  the  object  (tail¬ 
pipe  opening)  to  be  tracked  subtends  a  0  5  mr  angle  Then  the  tolerable 
error  (maximum)  due  to  target  velocity  and  acceleration  should  not  exceed 


1  73  sir  for  the  target  to  remain  in  the  f teid-of-view  of  the  measuring 
Instrument.  This.,  of  course,  depends  upon  the  size  of  the  targe:  From 

rhe  above  data,  we  may  calculate  the  required  system  velocity  and  af 


-nictation  constants 


K  *  ui/e 
v  v 

K  =>  a/e 

ci 


205  mr/ sec 
1.7  f  nr 

10  mr/ sec^ 
.  25  mr 


ll7  sec 
^0  sec 


Thf-  approximate  total  error  is  given  by  the  sum  of  the.  velocity  and  'he 
<%■(■<:  le.-atlon  error 


e_  =  e-‘-e=l75+25--'2.0mr 
T  v  a 

These  errors  are  caused  by  the  time  delay  in  the  servo  systems  of  the 
pedestal  responding  to  an  error  signal 

Accuracy  will  be  defined  as  a  freedom  from  error,  whiie  precision 
will  be  defined  as  reproducibility  Accuracy  is  then  a  measure  of 
tital  error  Inc'"  ding  ail  bias  ('systematic)  and  noise  'jitter)  tempo 
nents  Precision  will  be  a  measure  of  noise  error  only  since  noise 
empouents  interfere  with  the  ability  ol  the  pedestal  to  rc.prrA.,- •?  a 
p  ->it  Ion  it  easurement ,  In  either  case,  the  errors  should  be  much  le^ 
than  the  velocity  and  acceleration  errors  The  minimum  smooth  tra. king 
t  re  rf  the  positioning  pedestal  l  .•  limited  by  static  friction  and  » >«»* 
'^rque  gain  that  can  be  achieved  with  the-  drive  system  At  low  tra-kt-.g 
ra'ts  the  pedestal  executes  discrete  steps  in  following  the  r*rget 
Jh»  'o'i|uc  delivered  by  the  drr  e  system  steeds  and  diminishes  b*lnw 
')•*’  static  friction  The  tracking  smotthne-s  will  be  Influen'ed  by 
r  tc  irl'rion  for  target  rates  that  cause  serve  velo-lty  lag 
Mae  the  ratio  ot  static  friction  tc  torque  gain  This  »a»  In 


essentially  the  static  positioning  accuracy  of  the  pedestal*  other  noise 
ignored*  A  static,  positioning  accuracy  of  0,01  mr  is  easily  achieved 
and  allows  the  low  tracking  steps  to  appear  to  be  continuous* 

Resonant  frequency  of  the  pedestal  is  a  function  of  moment  of  in¬ 
ertia  and  stiffness*  The  airangement  of  the  Instruments  on  the  pedestal 
should  be  chosen  to  minimize  inertia  Resonant  frequency  calculations 
should  be  carried  out  in  order  to  assure  that  mechanical  vibrations  will 
not  interfere  with  the  operation  of  the  instruments.  The  serve  system 
requires  a  very  stiff  pedestal  with  a  maximum  resonant  frequency  of  per¬ 
haps  15  Hz  in  azimuth  and  30  Hz  in  elevation. 


The  design  requirements  of  our 

system  follow- 

Maximum  tracking  speed 

205  mr^sec 

Minimum  tracking  speed 

2  ,  5  mr/ sec 

Velocity  constant 

-1 

117  sec 

Acceleration  constant 

.2 

AO  sec 

Maximum  tolerable  error 

2  ir.r 

Static  positioning  accuracy 

0,01  mr 

Maximum  resonant  frequency 

15  Hz  azimuth 

30  Hz  elevation 

In- trumentaticn  weight 

1000  pounds 

Basically  the  type  of  data  desired  determines  the  type  of  instru* 
mencs  end  pedestal  to  be  used  to  collect  the  data. 


CHAPTER  VI 


DATA  REDUCTION  AND  ANALYSIS 


The  exact  technique  to  be  used  for  data  reduction  depends  upon  the 
type  of  Instrumentation  used,  the  particular  calibration  procedure  for 
that  instrument*  the  method  used  for  recording  data*  and  the  data  re¬ 
duction  equipment  available*  The  scope  of  data  analysis  is  generally 
limited  by  instrumentation  parameters  such  as  spectral  resolutions  dy¬ 
namic  range*  calibration  accuracies,,  f ield-of-view,  and  sensitivity* 
Included  in  this  chapter  will  be  a  general  discussion  of  data  reduction 
and  analysis  and  a  specific  example  of  data  reduction* 

ACCUMULATION  OF  DATA 

The  reduction  of  data  might  be  classified  into  four  main  headings* 

1*  Real  timo  data  accumulation 

20  Data  selection  by  hand 

3,  Data  selection  and  arrangement  by  computer 

4„  Data  reduction 

During  experiment,  the  real  time  data  which  is  recorded  can  con¬ 
sist  of  many  channela  of  information  recorded  on  magnetic  tape*  photo¬ 
graphic  film  record,  and  perhaps  other  types  of  permanent  record,,  such 
as  plots  and  oscillograph  records* 

After  the  experiment,  the  magnetic  tape  is  played  back  and  the  bore- 
sight  film  is  scanned  to  reject  unsuitable  data*  The  boresight  film  is 
scanned  to  determine  the  data  which  corresponds  to  the  aspects  needed 
for  the  particular  experiment  The  data  is  played  back  and  examined  for 
noise,  amplitude  of  signal,  band  edge,  dynamic  range,  and  signal-to- 


noi3e  ratio  to  determine  usable  data- 


The  selected  and  edited  data  is  then  digitized,  formated,  the  tape3 
are  blocked,  and  a  listing  of  the  data  is  produced  for  further  examina¬ 
tion,,  This  prepares  the  tapes  for  insertion  into  the  computer  to  be 
used  for  the  actual  data  analysis,, 

The  spectral  data,  along  with  data  on  atmospheric  attenuation,  and 
range  and  aspect  angles,  are  fed  into  a  computer  for  the  final  data  re- 
duct  ion  o 

The  output  of  the  computer  is  then  examined  and  plots  of  the  data 
are  examined  to  determine  the  validity  of  the  data  reduction,,  The  spec¬ 
tral  radiant  intensities  and  irradiance  contours  (figure  6-L)  are  plot¬ 
ted  as  functions  of  the  aspect  angle,.  The  data  can  then  be  further 
analyzed  to  evaluate  the  results  of  the  experiment.  Lock-on  ranges  can 
be  calculated,  and  the  contributions  of  other  parameters  may  oe  examined, 
SPECTR0METR1C  DATA 

The  most  common  quantity  measured  bv  spectrometers  is  spectral 
irradiance  at  the  entrance  aperture,  although  the  quantity  of  interest 
is  spectral  radiant  intensity.  Spectrometers  recommended  for  use  in 
the  measurement  of  aircraft,or  any  moving  or  nonstatic  target,  scan  a 
relatively  wide  spectral  region  at  a  high  rate,  thereby  producing  sev¬ 
eral  sample  spectra  per  second*  This  large  amount  of  data  necessitates 
the  use  of  digital  computer  techniques  for  data  reduction.  The  spectral 
radiant  intensity  of  the  target  is  determined  by  applying  instrument 
calibration  parameters,  distance  to  the  target,  and  atmospheric  trans¬ 
mission  data  to  the  instrument  output. 


1 


The  selected  and  edited  data  is  then  digitized,  formated,  the  tapes 
are  blocked,  and  a  listing  of  the  data  is  produced  for  further  examina¬ 
tion,  This  prepares  the  tapes  for  insertion  into  the  computer  to  be 
used  for  the  actual  data  analysis, 

The  spectral  data,  along  with  data  on  atmospheric  attenuation,  and 
range  and  aspect  angles,  are  fed  into  a  computer  for  the  final  data  re¬ 
duct  ion  0 

The  output  of  the  computer  Is  then  examined  and  plots  of  the  data 
are  examined  to  determine  the  validity  of  the  data  reduction.  The  spec¬ 
tral  radiant  intensities  and  irradiance  contours  (figure  6-1)  are  plot¬ 
ted  as  functions  of  the  aspect  angle.  The  data  can  then  be  further 
analyzed  *  e  the  result-  oi  the  experiment  Lock-on  ranges  can 

be  :aiia.i'ed,  and  the  tor- nbutior..  of  other  parameters  may  be  examined. 
SPKCTROMETRIC  DATA 

The  most  common  quantity  measured  by  spectrometers  is  spectral 
irradiance  at  the  entrance  aperture,  although  the  quantity  of  interest 
is  spectral  radiant  intensity.  Spectrometers  recommended  for  use  in 
the  measurement  of  aircraft,  r  any  moving  or  nonstatic  target,  '-can  a 
relatively  wide  spectral  region  at  a  high  rate,  thereby  producing  sev¬ 
eral  sample  spectra  per  second.  This  large  amount  of  data  necessitates 
the  use  of  digital  computer  techniques  for  data  reduction.  The  spectral 
radiant  intensity  of  the  target  is  determined  by  applying  instrument 
calibration  parameters,  distance  to  the  target,  and  acmospherlc  trans¬ 
mission  data  to  the  instrument  output 


From  Chapter  IV  (equation  4-1) ,  the  voltage  produced  by  target  rad* 
alior  pacing  through  an  attenuating  medium  and  incident  u;  on  a  let  t*  ;t  .a 
can  he  ex{'reo..t*a  by 

.  A+AA 

V(x)  f  R(X )  t  (X)  I  (X)dX  (h-1) 

d  XJ 

where 

d  *>  distance  from  detector  to  target  ( 

R  (A)  =  Responsivity  of  the  instrument  as  a  function  of  wavelength 

I  (A)  n  Spectral  Radiant  Intensity  of  the  target 

x  (X)  ■  Atmospheric  transmission  as  a  function  of  wavelength 
AX  «•  Resolution  of  the  instrument 

In  most  measurements ,  values  of  irradiance  £(A)  can  be  obtained 
from  observation  of  the  target  with  contributions  from  the  surrounding 
background,  and  values  of  E(A)  from  the  background  alone0  The  differ¬ 
ence  of  these  two  values  Is  AE(X)  and  is  the  irradiance  at  the  Instru¬ 
ment  due  to  the  radiation  from  the  target >E^,(X) ,  minus  that  due  to  the 

background  radiation  obscured  by  the  targets  (A)o  Therefore,  it  Is 

B  1 

necessary  to  determine  E_(X)  in  order  to  obtain  the  target  irradiance! 

O 

In  some  measurements,  this  correction  may  be  negligible  (Chapter  IV) 
so  that 

ae  (X)  -  et  (X)  <•- 

4*5)  we  have 

AE  (X)  -  ET  (X)  -  EB  (X)  *•  -*) 


otherwise  (Eq 


From  Chapter  I,  equation  1-4,  the  source  spectral  radiant  intensity 
traversing  through  some,  attenuating  medium,  at  a  distance  d  from  an 
irradiated  detector, is  given  by 

I  ( X )  -  d2  E  (X)  /  t  (X) 

Thus,  multiplication  of  AE(X)  by  the  target  distance  squared  and 
by  the  inverse  of  the  atmospheric  transmission  coefficient  corresponding 
to  wavelength,!,  yields  the  spectral  radiant  intensity.,  This  must  be 
determined  from  the  pure  output  voltag-  of  the  spectrometer.  The  volt¬ 
age  output  of  the  instrument  over  a  small  resolution  element  V(X)AX, 

at  wavelength, X,  is  given  by 

X+AX  f 

V(X)A\  -  J  R(X)  E(X)  dX  (6_j) 

If  the  resolution  is  small  enough  so  that  the  responsivity  of  the 
instrument  can  be  considered  constant „  and  the  irradiance  (or  instru¬ 
ment  voltage)  is  not  changing  too  rapidly,  the  integration  can  be  per¬ 
formed 

V  (X)  -  R  (X)  E  (X)  (6-6) 


so  that 


E  (X) 


R  (X) 


( c-  { ; 


Thus,  irradiance  at  the  instrument  is  obtained  by  using  the  instru¬ 
ment  responsivity  and  the  voltage  produced  by  the  target.  The  spectral 
radiant  intensity  of  the  source  is  obtained  by  using  equation  *.-«  in¬ 
corporating  the  distance  of  the  target  and  the  atmospheric  transmis¬ 
sivities  for  the  particular  conditions  prevailing  during  the  experiment, 

d2  V  (X) 

«( x )  R  (X)  ' ' 


I  (X) 


The  reduction  of  the  raw  instrument  output  to  values  of  spectral 
irradiance  is,  in  general,  the  reverse  process  of  the  irradiance  cali¬ 
bration  as  described  in  Chapter  III,  In  the  case  of  the  calibration,  a 
known  source  of  radiant  energy  produces  a  voltage  output  so  the  response, 
or  voltage  output  versus  irradiance  input,  is  determined.  For  the  reduc¬ 
tion  of  target  data,  the  responsivity  determined  by  the  calibration  is 
used  to  reduce  the  voltage  output  of  the  instrument  to  values  of  irradiance. 

The  data  reduction  process  then  consists  of  determining  values  of 
spectral  irradiance  from  the  instrument  and  calibration  parameters, 
multiplying  by  the  target  distance  squared  and  dividing  by  the  atmos¬ 
pheric  transmission  coefficients,  thereby  obtaining  the  spectral  radiant 
intensities  of  the  source. 

ATMOSPHERIC  TRANSMISSION 

The  attenuation  of  infrared  radiation  by  the  gases  present  in  the 

atmosphere  is  due  to  molecular  absorption  in  vibration-rotation  bands 

of  the  individual  molecules ;  The  molecules  in  the  atmosphere  which  have 

absorption  bands  in  the  infrared  are  water  vapor  (H.,0),  carbon  dioxide 

(CO,,),  Ozone  (ft,),  Nitrous  Oxide  (N„0),  Methane  (CH. )  and  carbon  mon- 
l  J  2  b 

oxide  (CO).  The  existence  of  other  oxides  of  nitrogen  and  sulphur  in 
the  air  is  well  known  to  urban  dwellers, but  these  constituents,  thank¬ 
fully,  are  temporal  and  locai  in  nature,.  lio0,  CC^,  and  0^  are  the 
strongest  absorbers  of  infrared  radiation  because  they  exist  in  high 
concentrations  and  have  strong  absorption  bands,  For  measurements  close 
to  the  earth’s  surface,  however,  (where  distances  between  the  target  and 
the  detector  will  be  less  than  ten  kilometers)  absorption  by  ozone  will 


be  negligible-.  Similarly,  since  ^0*  CH^,,  and  CO  only  absorb  signifi¬ 
cantly  over  long  pathlengths,  their  absorption  will  nc v  be  considered  in 
this  discussion,  Thus,  for  ground-to-air  infrared  measurements  of  air¬ 
craft,  we  have  only  to  consider  the  absorption  of  water  vapor  and  carbon 
dioxide  to  determine  the  transmission  of  the  atmosphere  from  1  to  20  mi¬ 
crometers. 

In  general*  it  is  necessary  to  specify  the  meteorological  conditions 
that  exist  at  each  point  along  the  path  between  the  source  (target)  and 
the  detector  in  order  to  calculate  the  absorption.  These  include  the 
pressure,  temperature,  and  concentration  of  each  absorber.  For  a  given 
wavelength  interval*  the  location*  intensity*  and  shape  of  each  spectral 
line  must  be  specified  as  well  as  the  functional  relationships  between 
the  parameters  and  the  meteorological  conditions.  If  all  this  informa¬ 
tion  is  available,  then  the  absorption  can  be  calculated. 

This  calculation  using  the  general  transmissivity  equation  for  com¬ 
puting  slant-path  molecular  absorption  is  quite  laborious  and  various 
empirical  methods  and  approximations  are  used  by  different  laboratories 
engaged  in  these  calculations  The  Infrared  Information  and  Analysis 
(1R1A)  Center*  a  part  of  the  Willow  Run  Laboratories  of  the  University 
of  Michigan’s  Institute  of  Science  and  Technology*  has  been  engaged  in 
atmospheric  transmission  studies  and  has  compiled  a  state-of-the-art 
report  on  band  model  methods  for  computing  atmospheric  slant-path  mo¬ 
lecular  absorption  (Report  No,  7142-21  T) 

This  report  has  resulted  in  a  computer  program  which  can  be  used  to 
compute  molecular  absorption  spectra  from  1  0  to  20,0  micrometers  for 


•  act.  of  the  •  ii  ,0 ,  CO.,,  11,0,  and  0^.  In  our  version  of  the  program 

only  ’he  H,,h  -md  ',u  ,  jortionr  are  utilized.  A  memo  on  the  1RIA  State- 
;i-the  Art  At  m.  spin  r  i .  htnisiBiscioa  hi  gram  (Jb  July  196 Y )  includes  a 
summary  ol  the  eqmt.oni  and  empu.i.  ad  on-tanfs  u..cd  bj  the  program  to 
£  -  x*  i  ^  r  ir*  ’!■  •  r  »n.  m.  .  iui  ■  >r.j  at  ai  i^n.  .  .-amp..  ■'  t.  uialins  tu  due  d  oy 


this  program  are  shown  m  figures  t>-/>  -md  (t~i. 

"lie  mid  ir ed  ibs.,:ptiori  apt  eta  nt  <.d  water  vapor  9iow.,  regions  ol 
twtu]  absorption  and  regi  m.  oi  very  low  absorption,  fhese  features  of 
the  spectral  lead  to  the  u..e  of  /  at »  >u.  ijtroxir.ati.ons  and  methods  l  si 
th>  rai  ul  d  ion  of  '  he  absorption  dei  en  ».:.v  up,n  the  wavelength..  For 
rh>  region  ::.m  i-o  rruet  ,v:'  »r,>  and  a  .  ,  !■  r  i*  -  3— .>0  -  U  micrometers,  the 
!•  .•  ■'  at'i.r  ma‘  i  ,i.  is  u.  el.  ■  n  •  h*.  intermediate  r  gion  from 

'-h  1  mi  rometcr,.,  the  ex  f  stati  '  i  tl  model  with  an  exponential  dis¬ 
tribution  of  line  strengths  (I'oi^.^n  di.  r  nbut  ion)  is  us*'d.  Hus  lead;; 


to  the  ioroving  *  qu-at  i-«nr>  tor  t  r  an.  m.s.  ion: 


Mode  1  1 


KXi  ( . 


9.-0) 


M  j  h 


he  r 
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'A*  -  .luivue:,'  ii  le/<  A..  r  d  •  ...  .  i.  j*  r  '.t  .*  at  a-  ‘eld  iiv”*  r. 

A  -  r  :d  ••  r.  i  r*  ;  i  *  at  .  *  e-  rd  .  •  <  •  : 
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as.  i  w‘  ■■  ar  <>  •■•p;r  ;.  t  •••-•  rs  Th..  r*qu.r»e  that  the 

.i.a.-rd  .  ird  ivi.  .  ar  -uv"  •  r.  •  at  n  •  r  j  r.  ••r.’ru'i  {A),  ’he 
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Figure  6-?- Atmospheric  Transmission  \ 

(Calculated)  25  Percent  Humidit; 

Temperature:  30°  C. 

Pressure:  1013  millibars 

Path  length:  500  feet 

Relative  Humidity:  2?  Percent 


9. 40 


10.1 


10,0  11.5  "  12.2 

IRVEIEKOTH  (MICROMETERS) 


12.9 


Curtis-Godson  equivalent  pressure  (P)*  and  the  equivalent  sea  level  con~ 
centra': ion  (W*)  be  calculated  separately*  Computer  programs  and  methods 
for  this  calculation  are  detailed  in  the  IR1A  Report  No,  7142-2I-T  re¬ 
ferred  to  previously* 

Absorption  by  CO,,  is  calculated  by  the  assumption  of  regularly 
spaced  Lorentz  lines  (Elsasser  Model)  and  by  an  empirical  model  corre¬ 
lating  transmission  with  the  generalized  absorption  coefficient  (K)  and 
the  equivalent  sea  level  concentration  in  atmospheric  centimeters  (W*), 
The  empirical  relationship  is  used  in  the  spectral  regions  1-2*63  and 
4*45-19*0  micrometers  while  the  exact  Elsasser  equation  is  used  in  the 
intermediate  region  2 6 63—4 0 4 5  micrometers*  The  aquations  used  are* 


Model  1 

T  =  T(KW*)  (6-11) 

Y 

Model  2 

T  -  1  -  sinhB  J  I0 (Y)EXP(-YcoshP  )dY  (6-12) 

0 

where 

SW/d 

Y  S  -j— r - 

sinh  3 

2»a‘ ,  e 

For  certain  values 

of  6  and  Ys  the  transmission  for  model  2  is  given 

terms  of  the  error  function: 

2  xf  -x2 

erf  00  =-7r  J  e  '  dx 
0 

Tha  total  transmission  of  the  atmosphere  at  any  wavelength  for  which 
the  above  approximations  are  valid  is  then  given  to  a  good  approximation  by 


T (Total)  »  T(»20)  x  T(C02) 


(b-li) 


As  yet  we  have  no  method  to  account  for  the  attenuation  of  infrared  radi¬ 
ation  due  to  scattering*  The  atmospheric  transmission  function  as  deter¬ 
mined  above  can  then  be  used  for  data  reduction. 

Scattering 

The  attenuation  of  infrared  radiation  caused  by  particles  much  larg¬ 
er  than  individual  molecules  is  due  both  to  scattering  and  absorption. 

The  extinction  coefficient  can  be  written 

G  *2  G  +  £  +  r 

total  abs-gas  abs-aerosoi  "scattered 
Pure  scattering  occurs  if  there  is  no  absorption  of  the  energy  incident, 

but  only  a  deviation  from  the  path* 

Scattering  (pure)  can  be  treated  in  three  ways  depending  upon  the 
relationship  between  the  wavelength  of  the  radiation  being  scattered  and 
the  size  of  the  particles  leading  to  scattering,  Rayleigh  scattering 
is  applicable  when  the  radiation  wavelength  is  much  larger  than  the  par¬ 
ticle  size,  Mie  scattering  theory  applies  when  the  particle  size  is 
comparable  to  the  radiation  wavelength,  Nonselective  scattering  occurs 
when  the  particle  size  is  very  much  larger  than  the  radiation  wavelength. 

The  principal  theory  used  in  the  infrared  is  the  Mie  scattering  theory. 

The  scattering  coefficient  as  given  by  Mie  theory,  caused  by  a  dis¬ 
tribution  of  particles  with  a  range  of  particle  sizes  from  a^  to  a2>  is 
given  as  a  function  of  wavelength  by 

“  n  (  2  N(a)  K(a,n)  a^  da  ( 6— i ><) 

al 

where  o  ■  scattering  coefficient  for  wavelength 

A 

N(a)  =  volume  concentration  of  particles 

K(a,n)  =  scattering  area  coefficient 


a  =  radius  of  spherical  particle 
n  =  index  of  refraction  of  particle 

■  Reliable  scattering  coefficient  data  in  the  infrared  is  difficult 
to  obtain  because  of  the  contributions  of  both  scattering  and  selective 
absorption  to  the  measured  value  of  the  extinction  coefficient,  Because 
the  scattering  properties  of  the  atmosphere  can  vary  appreciably,  it  is 
not  possible  to  state  a  scattering  coefficient  that  will  permit  accurate 
predictions  over  a  wide  range  of  conditions,  An  empirical  relationship 


frequently  used  is 

o  =  cA  Y 


(6-15) 


where  c  and  y  are  constants  determined  by  the  concentration  and  size- 


c  *>  a  constant  representing  the  total  concentration 


Thus,  if  the  sizes  of  the  scattering  particles  can  be  determined, 
a  knowledge  of  their  size  distribution  is  ava Liable,  or  vice-versa. 
There  are  basically  two  methods  to  determine  size-  The  simplest  but 


most  tedious  is  collection  and  microscopic  examination.  The  other  is 
to  use  an  instrument  which  measures  the  light  scattered  at  right  angles 
from  an  incident  beam.  This  is  generally  a  function  of  the  particle 
size,  shape,  and  refractive  index,  but  simplifications  allow  particles 
with  diameters  from  0ol  to  100  micrometers  to  be  measured, 

-  Currently  an  investigation  is  being  conducted  to  establish  a  re¬ 
lationship  between  particle  sizes,  distributions,  and  concentration 
versus  the  infrared  attenuation  produced  as  a  function  of  wavelength, 

A  sample  absorption  spectrum  of  microgram  quantities  of  atmospheric  dust 
(in  a  KBr  matrix)  it  $h.<wn  m  ngure  6-U  which  shows  the  general  regions 
over  which  attenuation  by  dust  particles  might  be  important. 

The  scattering  coefficient  ic  related  to  the  transmission  (due  to 
scattering)  of  a  given  optical  path  by  the  relationship 

T  -  exp  (  -  ox)  (6-17) 

where 

x  *«  optical  path  length  (cm) 
o  m  scattering  coefficient  (cm  ^) 

Since  scattering  predominates  over  absorption  in  the  visible  por¬ 
tion  of  the  electromagnetic  spectrum,  it  may  be  necessary  to  determine 
scattering  in  the  infrared  portion  from  measurements  taken  in  the  visible 
portion  (about  0,5  micrometers)  and  to  compare  this  with  the  Mie  theory 
and  actual  data  on  extinction  coefficients  to  determine  the  absorption 
in  the  infrared.  This  problem  is  being  u'udied  at  many  laboratories, 


Figure  6-4.  Infrared  Absorption  by  Atmospheric  Dust. 


DATA  ANALYSIS 


Data  analyses  is  a  broad  area,  and  only  that  which  is  performed  as 
a  matter  of  course  will  be  discussed.  This  is; 

1,  The  calculation  of  acquisition  range  as  a  function  of  aspect 
angle  and  signal-to-noise  ratio  for  various  missile  seekers 

2,  Integration  of  the  spectral  radiant  intensity  data  to  determine 
the  value  of  total  radiant  intensity  in  a  given  spectral  band 

3,  Determination  of  the  effective  blackbody  temperatures  and 
gaseous  emission  lines  or  bands. 

ACQUISITION  RANGE 

The  infrared  signal  emitted  from  a  target  which  reaches  the  infra¬ 
red  detector  of  a  missile  seeker  may  or  may  not  be  strong  enough  to 
cause  a  sufficient  voltage  change  recognizable  from  the  noise  level. 

The  maximum  range  at  which  a  given  signal-to-noise  ratio  is  produced 
by  a  specific  target,  which  causes  the  servomechanisms  of  the  missile 
seeker  tc  "lock-on”  to  the  target  Is  termed  the  acquisition  range.  Ac¬ 
quisition  ranges  are  measured  for  each  particular  target  as  a  function 
of  aspect  angle. 

These  acquisition  ranges  are  derived  from  spectral  data  obtained 
with  a  spectrometer  The  spectral  data  is  checked  for  accuracy  by 
measuring  acquisition  ranges  independently  with  actual  missile  seekers 
for  a  given  slgnal-to-noise  ratio,  This  S/N  ratio  does  not  have  to  cor¬ 
respond  to  the  actual  "lock-on"  S/N  ratio  Because  of  this,  a  specially 
designed  radiometer  (providing  S/N  ratios  as  output)  may  be  used  in 
place  of  the  missile  seeker  In  either  case,  the  spectral  data  is  checked 
against  the  results  of  an  independent  measurement  in  the  following  manner: 


The  distance  or  range  at  which  a  seeker  or  radiometer  will  detect  a  tar¬ 


get  can  be  expressed  by  the  equation  . 

<•*2 


S/N 


NEI  (d  ) 


I  (A)  R  (a)  t  (A)dA 


6-18) 


which  merely  states  that  the  signal  voltage  (Eq0  6-1)  divided  by  the 
value  of  the  noise  equivalent  ii radiance  (NEI)  is  equal  to  some  signal- 
to-noise  ratio,  h  particular  missile  seeker  will  lock-on  for  a  given 
signal-to-noise  ratio,,  This  must  be  determined  for  each  individual 
sevKcr  The  above  equation  then  yields  for  the  acquisition  range 

d2  =  neT(s7nT  f 2  1  (x)  R  (x)  T(Xtd)  dx  (0'19) 


where 

d  a  distance  to  the  target 

NEI  =  noise  equivalent  irradiance  of  the  seeker  or  radiometer 
S/N  =  signal -to -noise  ratio  corresponding  to  range  d 
I  (A)  =  spectral  radiant  intensity  of  the  target 
R  (A)  =  spectral  responsivity  of  the  seeker  or  radiometer 
f(xvd)  **  atmospheric  transmission  as  a  function  of  wavelength  and 


*1'  X2  c  Wdve^en8t^  limits  of  response 

The  spectral  radiant  intensity  I  (A)  is  measured  by  the  spectro¬ 
meter  and  the  response  of  the  seeker  R  (X)  and  NEI  are  determined  by 
the  calibration  procedure  The  slgnal-to-noise  ratio  is  measured  for 
the  distance  d  With  this  inf ormation,  equation '  -i  *  is  solved  for 

range  using  the  mea'ured  spectral  data  and  atmospheric  transmission,  and 
the  calibration  parameters  of  the  seeker  or  radiometers. 


The 


- , ;  ;  ,  v ;  range  and  actual  range  for  a  given  S/N  ratio  can 
then  be  compared  to  give  a  degree  of  confidence  to  the  measured  spectral 
data.  If  this  degree  of  accuracy  is  shown  to  be  acceptable  the  spectral 
radiant  intensity  can  be  used  for  the  calculation  of  range  for  any  mis¬ 
sile  seeker  provided  that  the  h'EI  and  spectral  response  are  known,  These 
calculations  can  be  performed  ior  any  desired  signai-to-noise  ratio  or 
atmospheric  condition,,  or  as  a  function  of  aspect  angle,. 

This  information  serves  to  characterize  the  response  of  a  partic¬ 
ular  missile  to  some  target.  The  characterization  is  spatial*  enclosing 
a  sphere  around  the  target  by  means  of  the  azimuth  and  elevation  aspect 
angles,  and  the  range.  The  target  can  be  characterized  by  polar  plots 
of  the  spectral  radiant  intensity  or  irradiance  contours*  whereas  the 
missile  seeker’s  response  is  characterized  by  polar  plots  of  the  signal- 
to-noise  ratios  produced  by  the  target.  Similarly,  a  polar  plot  of 
various  acquisition  ranges  will  show  the  effectiveness  of  a  particular 
missile  seeker,  radiometer,  or  detector  against  a  specific  target. 

Total  Radiant  Intensity 

Integration  of  the  spectral  radiant  intensity  data  is  simply  a 
summation  across  the  spectral  band  of  interest.  This  yields  the  total 
radiant  Intensity  . 

r2 

IA  -  J  I  (X)  dA 

1  2  j . 

A1 

The  value  of  the  ,’otal  radiant  Intensity  is  useful  in  determining  the 
total  emission  within  a  given  spectral  band.  This  is  used  in  evaluating 
the  effectiveness  of  IRCM  devices  and  in  determining  threshold  levels  of 
radiant  emissions  of  selected  targets. 


Signal-to-Nolse  Ratios  of  Seekers  or  Radiometers 

The  voltage  output  of  a  seeker  or  radiometer  is  not  directly  suit¬ 
able  for  the  calculation  of  acquisition  ranges,  It  must  be  converted 
into  a  signal-to-noise  ratio.  This  signal-to-noise  ratio  differs  from 
the  ratio  of  signal  voltage  to  NEI  by  inclusion  of  sky  background  noise. 
This  reduction  is  performed  as  a  function  of  both  the  distance  (range) 
to  the  target  and  the  aspect  angle,  Signal-to-noise  ratios  are  deter¬ 
mined  In  the  following  manner. 

The  radiometer  or  seeker  measurement  is  performed  so  that  one  part  of 
the  measurement  represents  radiation  due  to  the  target  plus  background, 
and  the  second  part  includes  only  the  background.  These  measurements 
may  be  obtained  by  periodically  moving  the  optical  path  on  and  off  the 
target  during  a  measurement,  The  two  voltage  outputs  are  related  by  the 
equation 

V,  (rms)2  =  V.(rms}2  +  V  (rms)2  ( *->— 21 ) 

ICS 

where 


=  the  voltage  output  of  the  seeker  including  tar- 

•  ••  i  a  ; i  r  j.jl .  at  i  o;. 


=■  tha  voltage  output  of  the  seeker  due  only  to 

!  a  *.,i ,  .r.t^ri.ai  and  rna*  to  ?ne  oO<«k«-r 

V  -  the  voltage  produced  only  by  the  target 
s 

This  equation  can  be  rearranged  to  yield 

V^rms)2  *  V2(rms)2  I  1  +  *| 

2  (rms)  " 


( b-22 ) 


X  «*  the  digitized  amplitude  of  the  voltage 
N  “  the  number  of  samples 
EMISSION  SPECTROSCOPY 

A  determination  of  the  components  within  the  exhaust  gases  which 
produce  emission  is  essential  for  a  characterization  of  the  target. 

A  knowledge  of  the  gaseous  products  and  their  absorption  and  emission 
bands  should  serve  to  characterize  the  exhaust  emission  spectrum. 
Determining  the  lines  or  bands  depends  upon  the  spectral  resolution 
and  the  dynamic  range  of  the  Instrument.  Each  laboratory  engaged  in 
the  collection  of  infrared  signatures  of  aircraft  should  attempt  the 
storage  of  a  data  bankk  or  library,  of  signatures  of  various  infrared 
emitting  objects.  The  use  of  such  a  data  bank  would  be  quite  bene¬ 
ficial  for  those  engaged  in  comparative  evaluation  of  both  IRCM  de¬ 
vices  and  missile  seekers 

Radiation  emitted  by  matter  carries  information  concerning  the 

physical  and  chemical  properties  of  the  radiating  bodies;  spectral 

analysis  of  this  information  yields  what  Is  called  the  emission  spectrum 
of  the  source  of  the  radiation 


Spectral  analysis  of  radiation  determines  hov  much  radiation  of 
each  wavelength  is  present,  A  plot  of  the  intensity  versus  the  wave¬ 
length  or  wavenumber  of  the  radiation  is  referred  to  as  a  spect'um 


CHAPTER  VII 


TYPES  OF  AIRCRAFT 

The  following  catalog  of  Amy  aircraft,  both  helicopters  and  fixed 
wing,  is  intended  to  give  a  general  idea  of  the,  nature  of  the  craft  to 
be  tested.  Detailed  information  on  specific  aircraft  can  be  obtained 
from  the  Amy  Technical  Manuals  -10  and  -20.  General  infomation,  which 
includes  schematics  of  each  aircraft,  covers  size,  shape,  utility,  and 
engine  types  used  in  the  aircraft  shovm  in  figure  7-1,  Utility,  armed 
observation,  cargo,  and  reconnaissance  craft  are  described, 

HELICOPTERS 

UH--1 

Manufacturer:  Bell  Helicopter  Co, 

Description:  Military  type  aircraft  of  a  compact  design,  fea¬ 
turing  a  low  silhouette  and  low  vulnerability  in  order  to  meet  combat 
requirements.  Wide  cargo-passenger  compartment  allows  a  variety  of 
services.  The  engine  is  located  aft  of  the  cabin  and  mounted  above 
the  fuselage  in  a  platform  to  provide  maximum  accessibility.  Fig¬ 
ures  7-2  and  7-3  show  the  general  construction  of  the  UH-1, 

Weights:  Operating  weight;  6000  pounds 

Maximum  gross  weight:  9500  pounds 

Height:  17' 


HELICOPTER  SERIES 


DESIGNATION  ENGINE 


AH-1G  T53-1-13/A/B 


TH-IG  T53-L-I3/A/B 


T53-L-1A  | 

T53-L-9A.11/B/C  t 
T53L-I1  /B/C/D* 


T53-L-9A.lt /B/C/ 


T53-L-I3  A/B 


T53-L-I3  A'B 


T63-A-5A 


0-335-5D 


0-335-5D 


435-23C 


6VS-335A 


-435-25A 


435-25A 


R-I340-57 


0-335-50 


0-435-23C 


0-540-9A 


0-540-9A 


CII-34C 

R-1 820-84C 

VH-34C 

R-l  820-040 

R-  2800-54 


CH-47A 

T-55-L-5.7 

CH-47B 

T55-L-7  B/C 

CH-47C 

T55-L  7C.II 

CH-54A 

T73-P-I 

CK-54B 

T73-P-700 
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AH-56A  |  164  GE-16 


OH  jBA  |  T63-A-700 


POPULAR  NAME 


COBRA 


IROQUOIS 


X  T - 


CAYUSE 


trr.'.'-KS  I 


CHICKASAW  , 


CHOCTAW 


CHINOOK 


TARHE 


CHEYENNE 


KIOWA 

Tt-"~ 

.  '48 Str" 


DESIGNATION 


0-1 A 


OBSERVATION  SERIES 


ENGINE 


0-47G-1IB 


0-470-15 


0-470-11B 


0-470-11B 


-470-118 


-470-11B 


10-360- 


POPUIAR  NAME 


BIRO  DOG 


/I 


VTOL  AND  STOL  SERIES 


T53-L-7.7A 


T53-L-7.7A 


journal 


T53-L-701 


UTILITY  SERIES 


MOHAWK 

QrTup — S- 

i - 75 — 


II -I  A 

R-1340-61 

RU-1A 

R-1340-61 

U-6A 

R-985-AN-39/A 

RU  '■ 

R-985-AN-39/A 

0-480-1  A.l  8 


0-480-1  A.1B 


0-480-3.3A 


480-1  A,  1 B 


U-9B 

G0-480-G1B6 

U-9C 

GSO-480-B1A6 

RU-9D 

GS0-400-B1A6 

YU-9 

GO-435-C2B1 

U-10A 

G0-480-G1D6 

AERO  COMMANDER 

1 

1 

COURIER 

i 

T74-CP-700 


T74-CP-  700 


T74-CP-702 


T74-CP-702 


T74-CP-700 


T74-CP-700 


TRAINER  SERIES 


MESCALERO 


COCHISE 

-r 


Manufacturer;  Bell  Helicopter  Cot 

Description;  A  tandem,  two -place,  high-speed,  conventional  heli¬ 
copter  designed  specifically  for  the  comhat  role  The  tactical  heli¬ 
copter  is  an  aggressive  high-speed  combat  helicopter  designed  and 
built  around  the  fighting  mission.  Distinctive  features  are  the  very 
narrow  sleek  fuselage,  small,  tapered  swept  midwings,  aerodynamic 
dynamic  cleanliness,  and  integral  turret.  Maximum  fuselage  width  is 
thirty- six  inches.  The  mission  profiles  completely  cover  the  air- 
to-ground  environment  with  suppressive  fire  at  an  areat  The  heli¬ 
copter  is  fast,  light,  highly  maneuverable,  and  capable  of  self¬ 
protection  in  hostile  air  and  ground  battle  situations. 

Weight ;  Basic  aircraft  with  crew:  6000  pounds 
Maximum  gross  weight,  9000  pounds- 
Height;  11’  7" 

Length-  44'  6" 

Width;  3 ' 

Engines:  The  turbine  engine  and  its  accessories  are  located  aft 
of  the  transmission  and  mounted  on  a  platform  deck  to  provide  maximum 
accessibility  The  engine  is  a  free  turbine  type  designed  for  low 
fuel  consumption,  ot  a  minimum  size  and  weight  for  maximum  performance 
The  T-53-L-13  engine  is  torque 'limited  to  1100  hp  for  normal  power. 


Exhaust  Gas  Temperature. 


400  -  625°C  Continuous 
760°C  Maximum 
Airspeed :  70-190  Knots 

Infrared  Suppression,-  There  are  no  louvers  or  screens  in  the 
side  of  the  cowling  to  allow  a  direct  view  of  the  engine*  The  tail¬ 
pipe  is  surrounded  by  an  ejector  shroud  that  extends  several  inches 
past  the  end  of  the  tailpipe*  This  ejector  mixes  cool  air  with  the 
exhaust  gases  to  reduce  IR  radiation*  The  open  end  of  the  tailpipe 
is  directly  above  the  tailboom  and  directed  slightly  upward  so  that 
a  view  of  the  hot  end  of  the  turbine  is  possible  only  from  a  posi¬ 
tion  that  is  above  and  behind  the  helicopter*  Figure  7-4  gives  the 
principal  dimensions  of  the  AH-1G;  figure  7-5  shows  the  engine  and 
transmission  compartment  cooling* 


‘%NS 


Figure  7-1*.  Principal 


Transmission  Compartment  Cooling  —  AH-1G 


0H-6A 


Manufacturer:  Hughes  Aircraft  Company 

Description;  The  0H-6A  aircraft  basically  is  an  all  metal,  single 
engine,  rotary  wing  aircraft.  It  is  powered  by  an  Allison  T63-A-5A 
turbine  engine  driving  a  four-bladed  main  rotor  and  a  tail-mounted  anti¬ 
torque  rotor  Primarily  an  observation  aircraft, it  is  capable  of 
carrying  passengers,  cargo,  or  armament  subsystem,,  The  aircraft  can 
be  equipped  with  armor  for  combat  operations,  and  also  can  be  used 
for  target  acquisition,  reconnaissance,  and  command  and  control. 

Weight:  Mission  gross  weight;  2163  pounds 
Height;  8'  6" 

Length:  30'  3  3/4" 

Width:  4’  7" 

Engine:  The  Allison  T63-A-5A  is  a  free  turbine  turboshaft  engine 
rated  at  25?  SHP  in  the  0H-6A,  The  engine  cooling  system  consists  of 
air  scoops,  mounted  on  top  of  the  aircraft  and  necessary  ducting  to 
direct  air  through  the  air  cooler  and  into  the  engine  compartment. 

There  is  also  a  blower  mounted  on  the  main  transmission  input  shaft. 

The  air  exhausts  through  an  annular  opening  around  the  exhaust  pipe 
between  the  pipe  and  engine  cowling  doors, 

Exhaust  Gas  Temperature  (turbine  outlet  temperature) 

Normal-385  -  693°C 
Maximum-749°C 

Airspeed  -  40-121  Knots  operating  speed 

Figure  is  a  side  view  of  the  0U-6A  and  figure  (-7  shows  the  gen¬ 


eral  construction. 


OH-58A 


Descriptions  The  OH-58A  is  a  single-engine,  observation  heli¬ 
copter  designed  to  land  and  take  off  from  prepared  or  unprepared  sur¬ 
taxes  The  fuselage  consists  of  the  forward  section  which  encloses 
the  cabin  and  fuel  cell  and  provides  pylon  support  The  intermediate, 
or  transition  section,  supports  the  engine  and  includes  the  equipment 
and  electronics  section  The  tailboom  section  supports  the  horizontal 
stabilizer,  vertical  stabilizer,  and  laiL  rotor 

Missions:  Visual  observation,  target  acquisition,  armed  recon¬ 
naissance,  and  command  and  control  In  its  armed  configuration,  the 
helicopter  provides  ground  forces  at  the  lowest  practicable  echelon 
with  a  capability  for  armed  reconnaissance,  observation  and  screening 
oi>.»x,rvat (on:»  uiiere  high  mobility  is  leqoired 

Weight .  Operating  weight,  including  crew.  2000  pounds 
Maximum  gross  weight;  3000  pounds 
Height;  10' 

Length:  40* 

Width .  6‘  6" 

Engine;  The  OH-58A  is  equipped  with  a  T63-A-700  gas  turbine 
engine.  The  engine  is  light  weight  and  is  designed  for  low  fuel  con¬ 
sumption,  minimum  size,  maximum  rei lability,  and  ease  of  maintenance. 
It  Is  installed  aft  of  the  mast  and  passenger  compartment  to  simplify 
the  drive  system,  improve  the  inlet* exhaust  arrangement,  reduce  cabin 
noise  level  and  provide  better  structural  Integrity  The  engine  cowl 
aft  of  the  engine  air  inlet  screen  is  removable  Louvered  openings 


are  provided  on  both  sides  of  the  engine  for  cooling,  The  aft  fairing 
covers  the  engine  oil  cooler,  provides  an  area  for  oil  cooler  exit 
air,  and  the  center  cowl  section  houses  the  engine  air  inlet.  The 
engine  is  rated  at  300  hp. 

Exhaust  Gas  Temperature;  (turbine  outlet  temperature) 

Continuous-  330-700eC 
Maximum:  750°C 
Airspeed:  120  Knots  maximum. 

Figure  ,'-u  is  a  side  view  of  the  0H-58A  helicopter.  Figure  7-9 
.h  its  *>•:.  *»  r  u .  ;  ui  io  r  a v  t  *  or. 


•  Fr°ow/ie0H  r?*nd  Xeser 


Cli-47 


Manufacturer;  Boeing  Company,  Vertol  Division, 

Description;  The  CH-47B  and  CH-47C  are  twin  turbine  engines 
tandem-rotor  aircraft  designed  for  transportation  of  cargo,  troops, 
and  weapons.  Eaclt  helicopter  is  powered  by  two  Lycoming  T-55  series 
shaft-turbine  engines  mounted  on  the  aft  fuselage,  The  engines  si¬ 
multaneously  drive  two  tandem  3-blade  rotors. 

Weights;  Operating  weight;  24,000  pounds. 

Maximum  gross  weight:  40,000  pounds, 

46,000  for  CH-47C  (T-55-L-11  engine) 

Height:  18 ' 

Length:  50 ' 

Width:  12' 

Engines  :  The  two  engines  are  housed  in  separate  nacelles  mounted 
externally  on  each  side  of  the  aft  fuselage, 

CH-47B  Lycoming  T-55-L-7,  L-7B  2200  SHP  normal 
CII-47C  Lycoming  T-55-L-70  2400  SHP  normal 


:-55-L-ll  3000  SHP  normal 


Exhaust  Gas  Temperature, 

L-7  Engines.  L-ll  Engines: 

2 3 0-6 50° C  Normal  230-/70°C  Normal 

650-/ 00° C  Military  770-810°C  Military 

Engine  Oil  Temperature: 

Maximum;  138°C  --  Oil  coolers  located  on  the  aft  pylon  section. 
Fuel  JP-4 


Airspeed.  60-160  knots 


ions 


CH-I47 


CH-54A 


Manufacturer:  Sikorsky  AIrcral t 

Description:  A  twin-turbine,  all-metal,  flying  crane.  It  has 
a  design  gross  weight  of  38,000  pounds  and  a  maximum  alternate  gross 
weight  of  42,000  pounds.  The  helicopter  is  designed  to  carry  de¬ 
tachable  pods  for  transporting  personnel  and  cargo,  and  to  carry 
externally  attached  loads. 

Weight-  19,695  pounds, 

Length  52*  5" 

Widths  7'  1" 

Heights  25 7  5" 

Engines:  The  helicopter  is  powered  by  two  axial-flow  gas  tur¬ 
bine  engines  mounted  side-by-side  on  top  of  the  fuselage  above  and 
aft  of  the  pilot's  compartment, 

Pratt  &  Whitney  JFT  D124-1?  4050  0HP 

T73-P-1;  4500  SHP 

Power_Turb ine_Inl et _Temgera  tu  r  e J 
JFT  Engine  515-565tC  Normal 
T-73  Engine:  515-655°C  Normal 
Airspeed s  115  Knots, 

Figure  J-U  shows  the  general  construe  c»on  of  the  CH-54A,  and  figure 
•  is  a  diagram  of  the  engine  intake 


Figure  7-13.  Inagram  <>f  Kngiue  Lr.*ake 


CH  r>l)-A 


0H-13H 


Manufacturer;  Bell  Helicopter  Company, 

Description:  The  helicopters  are  designed  for  observation,  recon¬ 
naissance,  rescue,  and  general  utility  missions.  Power  is  supplied  by 
a  vertically-mounted,  six-cylinder,  opposed-type  air-cooled,  nonsuper- 
charged  engine. 

Height:  8’  10" 

Weight:  Operating  veignt:  2000  pounds  maximum. 

Length;  41  *  5" 

Width:  7 *  6" 

Engine;  The  0H-13H  helicopter  utilizes  a  250  BHP  0-435  engine, 

The  engines  are  six-cylinder,  horizontally-opposed,  forced-air,  fan- 
cooled  aircraft  units.  The  engine  is  located  aft  of  the  cabin  and 
is  mounted  in  the  center  section, 

Hovering  Limitations:  Hovering  between  10  and  400  feet  shall  be 
avoided  since  a  power  failure  under  these  conditions  is  likely  to  re¬ 
sult  in  an  extremely  hard  landing, 

Airspeed;  91  Knots  maximum. 

Figure  is  a  diagram  of  the  general  construction  of  the  0H-13H 

helicopter. 


1.  Entrance  door 

2.  Seat  belts 

3.  Shoulder  harness 

4.  Stabilizer''*! 

5.  Carburetor  air  Intake 

6.  Oil  tank 

7.  Battery 

8.  Rotating  beacon  (fore  and  aft) 

9.  Aft  navigation  light 

10.  Blade  mooring  block 

11.  Ventral  Oa 


12.  Synchronized  elevator 

13.  Tail  boom 

14.  Fuel  tank 

15.  Engine  hand  crank 

16.  External  power  receptacle 

17.  Forward  navi>.itton  light 

18.  Ground  handling  wheels 

19.  Cabin  ventilator 

20.  Landing  light 

21.  Pitot  tube 


Figure  7- lb.  General  Arrangement  Diagram 


OH-13H  Aircraft 


OH-23G 


Manufacturer;  Fairchild  Hiller  Corp, 


Description;  Multipurpose  helicopters  designed  for  reconnais¬ 
sance,  observation,  training,  and  medical  evacuation,  Power  is 
supplied  by  a  Lycoming  six-cylinder,  opposed-type,  air-cooled  engine. 
The  basic  body  section  and  tailboom  are  all  metal,  stressed-skin 
construction. 


Length; 

40*  8" 

Height ; 

10*  2" 

Width; 

7 '  6" 

Maximum  Gross  Weight;  2750  pounds 
Basic  Operating  Weight;  2100  pounds 

Engine;  These  aircraft  are  powered  by  Lycoming  direct-drive, 
six-cylinder,  opposed-type,  air-cooled  engines,  mounted  vertically. 
The  engine  is  located  directly  below  the  center  of  the  main  rotor 
drive  shaft.  Cooling  ai?  from  the  fan  mounted  on  the  fan  gear  box 
is  forced  over  the  engine  cylinder  fins. 

Power;  305  BHP 

Airspeed;  83  Knots  maximum. 

Figure  7~:5  shows  three  views  of  the  aircraft  and  the  engine-cooling 
fan. 
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Engine 


Manufacturer;  Sikorsky  Aircraft 


Description;  Designed  for  transportation  of  cargo  and  per¬ 
sonnel,  Configuration  is  single-engine,  four-bladed,  main-lifting 
rotor.  The  fuselage  is  of  all-metal  construction. 

Length:  37’ 

Heights  14'  10" 


Width;  13 ' 


Gross  Weight;  12 v 060  pounds 

Engine:  The  CH-34  helicopter  is  powered  by  a  Wright 
-84C  air-cooled,  nine-cylinder,  single-row,  radial  engine 
provisions  for  installation  with  the  drive  shaft  inclined 
Figure  ;-lt  shows  the  general  construction  of  the  CH-34A, 


R-lc20-84A, 
with  special 
upwards , 

C  helicopter. 


Right-hand  Side  (Typical)  of  the  CK-3^A  Helicopter 


UH-19D 


Manufacturer:  Sikorsky  Aircraft 

Description:  Primarily  designed  for  rescue  operation,  but  be¬ 
cause  of  its  versatility  is  used  for  observation,  cargo  transport,  and 
assault  operations. 

Gross  Weight:  7500  pounds 
Length:  14'  3" 

Height:  13'  4" 

Width:  11'  6" 

Engine:  A  Wright  R-1300-3  seven-cylinder  engine. 

Figure  7-17  shows  its  general  construction. 
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FIXED  WING  AIRCRAFT 


OV-1 

Manufacturer;  Grumman 

Description-  The  OV-1  aircraft  Clohawk)  is  a  two-place  twin 
turboprop  aircraft  capable  of  operating  from  small  fields  and  un¬ 
improved  runways*,  The  aircraft  is  capable  of  performing  missions 
of  observation,  surveillance,  artillery  gun-fire  spotting,  air- 
control,  emergency  supply  and  radiological  monitoring*  The  armed 
version  of  the  aircraft  is  capable  of  carrying  a  wide  variety  of 
tactical  weapons  at  low-speed  and  low-altitude* 

Weight;  Normal  takeoff;  13,800  pounds 
Length;  41' 

Height;  13  * 

Width;  48 ' 

— nfi Ifies ■  The  aircraft  is  powered  by  two  Lycoming  gas  turbine 
engines  turning  three-blade  Hamilton  standard  hydromatie  propellers. 
Additional  power  plants  used  by  the  aircraft:  T53-L-3,  T53-L-3A, 
T53-L-7 ,  which  are  single-stage,  and  the  T53  L-15,  which  is  two-stage. 
Exhaust  Gas  Temperature ; 

T53-L-3 ;  300-590,C 

T53-L-3A: 

T53-L-7 ;  300-605°C 

T53-L-15;  300-625°C 

4iFs.E?£<L*  Maximum,  385  Knots 

Figure  -  shows  the  general  construction  and  dimensions  of  the  OV-1 


Manufacturer  Beeehcraft 

Description.  A  six-place,,  all-metal,  low-wing  monoplane  powered 
by  two  supercharged  engines  (Beech)  with  fuel  Injection*  Mission  is 
personnel  transport  and  light  cargo 

Gross  Weight.  Maximum  gross  takeoff  weight  for  the  U-8F  is  7700 
pounds.  Normal  operating  weight  is  5550  pounds. 

Length.  33.3 
Height :  14.2' 

Width,  45, 9 *  wing  span 

Engines-.  Two  Lycoming  Model  0-480-3  fuel  injection  engines  are 
used  for  aircraft  power-.  The  engines  are  six-cylinder  horizontally 
opposed*  and  supercharged*  Added  thrust  is  derived  from  the  two- 
stage  augmentor  tube  exhaust  system  which  provides  adequate  cooling 
under  all  conditions  and  eliminates  the  need  for  cowl  flaps* 

BHP -  150-200 

Airspeed  130-234  knots  operating  range  The  aircraft  will  op¬ 
erate  efficiently  at  takeoff  gross  weight  du  ing  single-engine  flight, 
Engine  Cooling  The  augmentor -type  exhaust  system  employs  the 
velocity  and  pumping  action  of  the  exhaust  gases  being  ejected  into  the 
augmentor  tube  throat,  from  each  bank  of  cylinders*  to  induce  airflow 
through  the  engine  nacelles  and  to  vary  the  flow  of  cooling  air  around 
the  engine. 

Figure  - j )  shows  various  views  of  the  aircraft 


U-21 


Manufacturer.  Beechcraft 

Deser lpt ion  The  l!  21  series  are  unpressurized  low-wing,  all- 

metal.  utility  aircraft  ct  versatile  design  with  an  all-weather 
capability  Ibc  basic  mission  ts  m  provide-  a  diversified  utility 
service  in  me  r  ombat  zone 

Weight  Maximum  takeoff  gross  weight  is  9650  pounds 
Maximum  landing  weight  is  9168  pounds 


.  eng  U 

<1 '  (,' 

Height 

14  1  3" 

Width 

45'  11”  wing  span 

Kng  >  nes 

The  aircraft  is  powered  by  two  T74-CP-700  turboprop 

engines  rated 

at  550  .  H- ,  This  engine  is  a  reverse-f low,  free- 

turbine  type 

Intel  stage  Turbine  Temperature  7  50'C  maximum 

Airspeed 

92-208  knots  normal 

Figure  jhows  three  external  views  of  the  aircraft 


U-1A 


Manufacturers  DeHavilland  Aircraft  of  Canada 
Descriptions  The  U-1A  aircraft  is  an  ail-metal,  high-wing  mono¬ 
plane  powered  by  a  single  Pratt  and  Whitney  Wasp  engine  driving  a 
Hamilton  standard  constant-speed  propeller*  The  aircraft  is  designed 
to  carry  up  to  ten  passengers-. 

Gross  Weight:  8000  pounds 
Lengths  41'  10" 

Height:  12'  5" 

Wing  Spans  58 1 

Kngine:  The  aircraft  is  powered  by  a  Pratt  and  Whitney  1340-59, 
or  1340-61,  radial,  single-row,  nine-cylinder,  air-cooled,  supercharged 
engine  rated  at  600  BHP„ 

Figure  7-22  shows  various  external  views  of  the  aircraft. 


*  !  > 


Figure  7-22. 


U-6A 


Manufacturers  DeHavilland  Aircraft  of  Canada 
Description;  The  U-6A  aircraft  is  an  all-metal,  h :  >,h-wing  mono- 
plane  powered  by  a  single  Pratt  and  Whitney  Wasp  juniu  engine  driving 
a  Hamilton  standard  constant -speed  propeller ,  It  is  designed  to  carry 
five  passengers. 

Gross  Weights  5100  pounds 
Length;  30*  5° 

Height;  10 J  5" 

Engine;  The  engine  Is  a  Pratt  and  Whitney  Wasp  Junior  (Model 
R-985-AN-39A)  nine-cylinder,  air-cooled  radial-type. 

Figure  7-23  shows  various  external  views  of  the  aircraft. 
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